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Chapter 1      
Introduction: Nanostructuring in Catalytic and Electrochemical Energy Storage Materials  
1.1 Motivation
Increased demand for energy is driving increased consumption of fossil fuels [1-2]. While 
fossil fuels are readily available and relatively inexpensive, their combustion results in the 
emission of greenhouse gases, which have been linked to global climate change [3]. Increased 
public awareness that fossil fuels are not an inexhaustible energy source and a growing need to 
reduce the dependence on foreign oil reserves, is driving efforts towards the large-scale 
integration of renewable energy into the grid [4-5]. In its 2007 Energy Independence and 
Security Act, the United States government outlined the need for increased production and 
integration of clean, environmentally friendly, sustainable, and renewable fuels into the country’s 
energy portfolio [6]. Since then, research efforts towards a fundamental understanding of 
conversion systems for renewable energy sources such as solar, wind, geothermal, and tidal 
power have been dramatically increased [7-9].  
The utilization of renewable sources is inherently entangled with the need for efficient 
storage systems, as production and peak consumption typically occur out of phase with one 
another. Advanced grid energy storage systems may provide new solutions to energy needs by 
collecting excess energy during low demand and releasing it during high demand, reducing the 
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required peak capacity of power generation facilities and allowing those facilities to deliver at 
their most efficient output levels. Therefore, advancements of electrical energy storage systems 
have also become necessary. As such, electrochemical energy storage is now a very active 
research area. 
In addition to the integration of renewables and energy storage into the power grid, the 
control of greenhouse emissions has been identified as a key area of research towards the 
creation of a sustainable energy future [6]. A variety of heterogeneous catalysts have been 
applied towards the capture and conversion of greenhouse gases into environmentally friendly 
products, as well as in chemical conversion for energy applications and food production. 
Research efforts in the field of heterogeneous catalysis have mainly aimed to develop catalysts 
with improved reaction yields and reaction selectivities towards desirable products [10]. The 
major challenge for new, economically viable catalytic and electrochemical energy storage 
devices is the poor conversion efficiency that plagues the materials currently in use [8-10]. 
Materials with precisely controlled nanostructures hold promise towards significantly enhancing 
the efficiencies of next-generation systems for catalytic chemical conversions and energy storage 
due to improved electrochemical surface areas, surface reaction rates, and short charge transport 
distances [9-13].  
There is already a large body of literature describing a variety of materials that benefit 
significantly in performance due to nanostructuring. For instance, Wang et al. demonstrated the 
quadrupling of the water photo-oxidation rate of a hematite nanonet-based device architecture 
over a simple planar electrode as a result of improved charge transport in the nanostructured 
material [14]. In electrochemical energy storage, the nanostructured version of the phospho-
olivine LiFePO4 possesses electrochemical performance properties that are significantly 
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improved over conventional materials due to the increased accessibility of the low diffusion 
energy [010] crystallographic directions [15]. Another important characteristic for nanoscale 
materials is the variation in the surface energies based on the crystallographic facets exposed to 
reactants. Li et al. utilized this effect to control the relative reaction rates of silver nanocatalysts 
for styrene oxidation using nanoplate, nanosphere, and nanocube nanostructures [13].   
This chapter provides motivation for our research to develop efficient materials systems for 
photocatalysis, electrochemical energy storage, and heterogeneous catalysis. It then provides an 
overview of nanostructure control considered in the literature for each of these systems and 
addresses several specific examples of nanostructured materials. The aim is to control 
nanostructure using light and electrochemical driving forces and to develop structure-function 
relationships for these systems. The research goals and organization of this dissertation are 
outlined at the end of the chapter. 
1.2 Solar Water Photo-Oxidation 
Among renewables, solar is one of the most promising and abundant energy sources. The 
total solar influx reaching the earth’s surface is estimated at 3x1024 J/yr, which is approximately 
104 times the current total global energy consumption [16]. Therefore, even if only a very small 
fraction of the solar influx can be efficiently harvested, current energy demands could be met.  
Solar energy consumption rose by a remarkable 50%, the highest average percentage increase 
recorded among all renewables, between 2009 and 2014 [1]. The surge in the growth rate of solar 
energy harvesting has been spurred by the promise of inexpensive, clean energy. Solar energy 
harvesting has been dominated by traditional solid-state solar technologies based on silicon; 
however, the abundance of water on the surface of the planet has driven the development of 
various other technologies to convert solar energy into chemical fuels. In 1972, using a 
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semiconducting TiO2 electrode, Fujishima and Honda reported the Honda-Fujishima effect, or 
the photo-oxidation of water using ultraviolet radiation from the sun, forming hydrogen fuel 
along with oxygen [17]. Since the publication of Fujishima’s work, there has been a sustained 
effort to identify and engineer new materials for more efficient photoelectrochemical cell (PEC) 
systems. Hydrogen has long been used as a combustion fuel for space shuttles, as a feedstock in 
the chemical and petroleum refining industries, and more recently as a fuel in fuel cells [18]. 
Some major advantages of using hydrogen produced from PECs as a fuel source are that it is 
inexpensive, environmentally friendly, energy dense (143 MJ/kg), and sustainable [18-19]. PECs 
can be easily constructed from inexpensive materials, making them an economical alternative to 
traditional photovoltaic solar harvesting systems [16]. However, the main challenge to the 
widespread implementation of PECs is the poor conversion efficiency of photoanode materials 
currently being used in these devices [8]. The next section introduces the concept of PECs, their 
advantages, as well as their limitations. 
1.2.1  Photoelectrochemical Cells 
Photoelectrochemical cells combine photo- and electro-catalytic functions to convert 
solar energy into chemical energy. For example, these devices have been extensively studied for 
the photoelectrolysis of water to hydrogen and oxygen [16, 20-25]. A common type of PEC cell 
incorporates a semiconductor photoanode immersed in an aqueous electrolyte [22-23]. The 
counter electrode is typically platinum metal, but can be another photoelectrode as well. The 
purpose of the electrolyte is to conduct ions during the redox processes occurring at the 
electrodes. Figure 1.1 shows a schematic representation of a PEC constructed from a 
semiconductor photoanode and a metal counter electrode, as well as the energy band potentials 
of an ideal semiconductor relative to the water splitting half-reaction potentials [22-23]. 
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Figure 1.1: Schematic of a photoelectrochemical cell. Photogenerated charges react with water 
molecules and protons at the electrode surfaces, forming hydrogen fuel and oxygen [22-23]. 
Upon illumination of the photoanode with photons of energy higher than the semiconductor 
energy bandgap, an electron-hole pair is generated from the excitation of electrons from the 
valence band to the conduction band, according to equation (1.1):  
 ℎ𝜐 ⇝ 𝑒− + ℎ+ (1. 1) 
The application of an electric field bias across the photoanode drives the photogenerated 
electrons in the conduction band through the external circuit. Simultaneously, the photogenerated 
holes diffuse through the photoanode bulk towards the semiconductor-electrolyte interface, 
where they photo-oxidize water molecules, forming H+(aq) ions:  
 2𝐻2𝑂(𝑎𝑞) + 4ℎ
+ → 𝑂2(𝑔) + 4𝐻
+ (1. 2) 
At the counter-electrode/electrolyte interface, the H+(aq) ions are reduced by the photogenerated 
electrons, forming the desired product, H2(g): 
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 4𝐻+(𝑎𝑞) + 4𝑒
− → 2𝐻2(𝑔) (1. 3) 
Overall, this type of PEC utilizes solar irradiation to split water into oxygen and hydrogen gases: 
 2𝐻2𝑂(𝑎𝑞) → 𝑂2(𝑔) + 2𝐻2(𝑔) (1. 4) 
Although the thermodynamic requirement of this reaction is only 1.23 eV/electron, kinetic 
limitations, internal cell resistances, and overpotentials at the electrodes or in the external circuit 
of the PEC (on the order of 0.8 eV) [24], increase the activation barriers for the reaction, pushing 
the overall practical energy requirement to ≳ 2.1 eV. A major obstacle to the widespread 
implementation of PECs is their poor overall efficiency and the need for identification of more 
efficient photoanode materials able to provide higher solar absorptivities and photocatalytic 
conversion efficiencies [8, 20]. Materials selection and engineering are key challenges for 
improved PEC performance. 
1.2.2 Materials Selection for Photoelectrochemical Cells 
Desirable properties for a photoelectrode material for spontaneous and efficient 
photoelectrochemical water splitting include: 
(i) a bandgap of ~2.0 eV, slightly higher than the thermodynamic water splitting energy of 1.23 
eV (equivalent to photons of 1008 nm wavelength), yet low enough to capture a significant 
portion of the solar spectrum 
(ii) photostability and photocorrosion resistance in aqueous media [16, 25]  
(iii) energy band potentials straddling the H+( aq)/H2(g) and O2- (aq)/O2(g) reactions [21-22] 
(iv) low recombination rates [8, 26]. (Photogenerated electrons have a finite residence time in the 
conduction band, eventually decaying back into the valence band through the process of 
recombination). 
hν 
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A variety of materials, principally transition metal oxides, have been investigated for use 
as photoelectrodes for water oxidation [8, 16, 20, 25, 27-29]. To date, identifying a material that 
simultaneously meets all aforementioned requirements has proven to be a major challenge. High 
bandgap materials, such as zinc oxide (ZnO), tin oxide (SnO2), titanium dioxide (TiO2) and 
silicon carbide (SiC), typically show good stability against photocorrosion in aqueous solutions. 
However, these materials can only utilize a small portion of the solar spectrum (in the ultraviolet 
region) towards water photo-oxidation [16]. On the other hand, materials with relatively low 
bandgaps such as hematite (∝-Fe2O3) and tungsten trioxide (WO3) exhibit excellent solar 
absorption properties. Because hematite has a bandgap that is almost ideal for solar water 
splitting (~2.1 eV), significant attention has been devoted to this material. Hematite is also 
resistant to photocorrosion in alkaline electrolytes, allowing for long-term stability. In addition, 
the abundance of iron in the Earth’s crust and its non-toxicity make hematite an inexpensive, 
environmentally friendly alternative photoanode material for PECs. However, hematite requires 
an external potential bias to drive the hydrogen evolution reaction due to the mismatch between 
its conduction band and the hydrogen evolution potential [29-31]. In addition, the hole diffusion 
length (2-4 nm) [29-31] for hematite is an order of magnitude smaller than the absorption depth 
of the material. Coupled with its poor electron conductivity [20], this results in high electron-
hole recombination rates, thus significantly reducing the photoconversion efficiencies of the bulk 
material [20, 26, 29].  
Several non-oxides, such as GaP, GaAs, CdSe, and CdS, have also been identified for 
PEC applications, based on their low bandgaps and good light absorption properties. However, 
these materials showed poor photocorrosion resistance in aqueous media and are therefore not 
ideal for PEC applications [16]. 
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Researchers have explored a variety of other approaches to improve the photoconversion 
efficiencies of PECs. One such approach is to enhance solar absorption and utilization through 
the use of multi-junction systems, where multiple layers of semiconducting materials with 
different bandgaps are stacked in one device. The materials are stacked in such a way that the 
topmost layers absorb high energy photons, while lower energy photons are absorbed in the 
lower bandgap materials in the layers below [21, 32]. Materials that are not photocorrosion 
resistant are typically placed within the device architecture, out of contact with the electrolyte. 
This approach, however, suffers from the major disadvantage of increased electron-hole 
recombination rates, which lowers the overall efficiency [21, 32]. 
Another approach to increase photoconversion efficiency is to reduce the bandgap of 
wide bandgap materials through various bandgap engineering techniques. For example, the 
electronic structures of materials can be manipulated via doping with aliovalent ions, resulting in 
the formation of intermediate energy bands slightly above the valence band [33-34] and thus 
allowing for the absorption of photons from the visible part of the solar spectrum. However, the 
dopants were shown to act as recombination centers [35], with their detrimental effects to 
photoconversion efficiency outweighing the advantages of the intermediate band states. 
Therefore, this approach has not been as widely adopted for increased photoconversion 
efficiency. 
1.2.3 Nanostructure Control for Enhanced Photoelectrochemical Cell Photoanode 
Performance 
Another popular approach to increase PEC efficiency is to decouple the long photon 
absorption depths from short diffusion distances through nanostructuring. The ideal result is 
materials that are thick enough for complete light absorption but thin enough to allow 
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photogenerated charges to efficiently diffuse to the electrode-electrolyte interface. Many 
previous efforts with hematite have focused on enhancing its performance through 
nanostructuring [20]. For example, nanorods [26-27, 39], nanoleaves [28], and nanotubes [36], 
can place the photogenerated holes within the hole diffusion length of the oxide-electrolyte 
interface, thereby reducing recombination losses [20, 26]. Nanotubes also allow for a significant 
increase in the surface area available for contact with the electrolyte, while confining charge 
transport to one dimension, thus reducing the potential for recombination [29-30]. Wang et al. 
reported that nanonet-structured hematite electrodes, coupled with a highly conductive TiS2 
coating, possessed incident photon to current efficiencies (IPCE) that were more than double 
those for the corresponding planar electrodes, emphasizing the crucial role played by 
nanostructuring and conductive additives [14]. 
Durrant et al. investigated the use of hematite nanoparticles and identified the ultrafast 
recombination dynamics as a major concern to the adoption of the morphology for PEC 
applications [37]. In addition, photogenerated electron transport in nanoparticles was shown to 
follow tortuous pathways, further increasing the likelihood of electron-hole recombination [38]. 
Hagfeldt et al. employed a precipitation technique to synthesize one-dimensional 
hematite nanorod arrays with diameters varying from 10-40 nm and thicknesses in the 100-1500 
μm range. The arrays were perpendicular to the attached iron substrates. These nanorod arrays 
achieve an IPCE of 5% at 360 nm. This relatively high IPCE (in comparison to planar 
electrodes) for pure hematite was ascribed to electrochemical surface area enhancements 
afforded by the nanorod morphology, sufficient photon absorption due to increased thicknesses 
of the nanostructure, and the direct pathways provided by the nanorod morphology [39]. Another 
report detailed the synthesis of hematite nanorod arrays via the direct thermal oxidation of iron 
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foils [40], yielding nanorods with diameters of 20-40 nm and lengths up to 5000 μm. However, 
photoelectrodes synthesized through this route were shown to suffer poor performance due to 
high densities of defects, leading to increased recombination rates [39-41].  
In efforts to synthesize hematite nanostructures with high electrochemical surface areas, 
one-dimensional photogenerated charge transport, and short hole diffusion lengths, Grimes et al. 
employed an electrochemical anodization technique [36]. They reported the rapid self-assembly 
of ordered, vertically-oriented iron oxide nanotube arrays after the potentiostatic anodization (in 
the 30-60 V potential range) of high-purity iron foils in an ammonium-fluoride containing 
ethylene glycol/water electrolytic solution. A high temperature thermal treatment was required to 
crystallize the nanotubes into the photoactive hematite phase. Individual nanotubes were smooth 
and straight, with pore diameters of 30-80 nm, wall thicknesses of ~5-6 nm, and lengths of 1-3.5 
μm. This material architecture allowed for sufficient absorption of light [36], charge 
photogeneration within the hole diffusion range of the electrolyte, and the efficient transport of 
photogenerated charges. IPCE values of 3.5% at 350 nm were reported, consistent with pure 
hematite nanotube arrays reported elsewhere [42]. Importantly, using this synthetic technique, 
Grimes et al. demonstrated precise control over the nanotube diameter, which was found to be a 
linear function of the anodization voltage (in the 30-60 V range), as well as the nanotube length, 
which was a linear function of the electrolyte bath temperature in the 25 – 60 °C range. Grimes 
and co-workers’ success in controlling the hematite nanotube morphology offers an opportunity 
to further study and understand the correlation between nanostructure/properties and the 
performance of nanotube array architectures. Aurora reported similar trends with regard to titania 
nanotube array lengths during the electrochemical anodization of titanium foils [43]. 
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With regard to PECs for water photo-oxidation, our research seeks to synthesize hematite 
nanotube arrays with controlled morphologies using the electrochemical anodization technique 
demonstrated by Grimes [36] and Aurora [43]. We start with a systematic investigation of the 
effect of synthesis conditions on properties of the nanotube arrays. Using the resulting materials, 
we were able to correlate the array structures and properties to their function and performance. 
Ultimately, the goal is to develop general design rules for the fabrication of hematite 
photoanodes with superior performance characteristics for photoelectrochemical water splitting. 
We developed hematite nanotube arrays with two novel morphologies: multilayer and wave-like. 
Fujimoto et al. electrochemically synthesized multilayer stacks of InP and suggested that they 
might be applicable as Braggs reflectors [21]. Therefore, we hypothesized that the multilayer 
nanotube arrays would improve photocatalytic performance as a consequence of enhanced light 
absorption at the layer interfaces. The wavelike nanotubes were expected to possess increased 
electrochemical surface areas compared to straight nanotubes, thereby enhancing photocatalytic 
rates [45]. 
1.3 Electrochemical Energy Storage 
 As discussed earlier, increased interest in renewable energy harvesting is driving the 
development of next-generation electrochemical energy storage (EES) systems. Energy storage 
systems are diverse, and their development is typically tailored to the requirements of the 
application. Systems are being developed for the electric grid, electricification of vehicles, as 
well as portable electronics with enhanced runtimes [46]. The following sections review the 
literature regarding the development of materials for high-performance electrochemical storage 
devices, thus setting the stage for our own research efforts to further advance the understanding 
and development of these devices. 
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1.3.1 Types and Storage Mechanisms of Electrochemical Energy Storage Systems 
Secondary lithium ion batteries and capacitors are among the most widely used devices 
for electrochemical energy storage applications. Secondary lithium ion battery materials store 
charge through the reversible intercalation of Li+ ions in the interstitial sites or crystallographic 
planes within a bulk electrode material and typically exhibit energy densities in the 150 - 300 
mAh/g range, very high in comparison to those of capacitors [47-48]. However, bulk charge 
storage and poor ionic diffusivities reported for Li+ ions in the solid state [49] result in kinetic 
and transport limitations that lower the rate of charge extraction and power densities of these 
battery materials. In addition, bulk Li+ ion intercalation results in stresses during cycling and can 
result in diminished structural integrity over time. The typical lifetime of lithium ion battery 
materials is on the order of 300 cycles, a relatively short cycle-life compared to those for other 
electrochemical devices such as capacitors [48]. These performance characteristics limit batteries 
to applications requiring slow charge/discharge rates [48-49].  
Electrochemical double layer capacitors (EDLC) store charge through the non-Faradaic 
adsorption of electrolyte ions on the surface of the electrode material, forming an electric double 
layer. Double layer capacitors utilize very high surface area materials such as activated carbon, 
allowing them to store large amounts of charge at their surfaces [50-52]. Because charge storage 
is limited to the surface, high rate charge extraction, and hence high power densities, can be 
achieved [50-52]. Also, due to the lack of bulk storage, the structural integrity of the materials is 
maintained over thousands and in some cases millions of charge/discharge cycles. However, 
because charge storage is limited to the electrode surface, the energy density of EDLCs is low in 
comparison to batteries. Published energy densities are typically less than 10 Wh/kg [52]. 
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EDLCs are very effective for short-pulse, high power applications such as the rapid acceleration 
of automobiles and trucks and flashlights on cameras [51]. 
In the quest to accelerate the development of clean transportation systems, the United 
States Department of Energy is spearheading efforts to identify and develop electrochemical 
energy storage materials that combine the high energy densities of battery materials with the fast 
charge transport, high rate power deliveries, and high cycle lives of supercapacitor materials [50, 
52]. Recent research efforts aimed at reaching this goal have focused on enhancing the power 
densities of battery materials and increasing the energy densities of capacitor materials [53-57]. 
A relatively new class of materials, termed “intercalation pseudocapacitors,” has been identified. 
These materials enable significant bulk charge storage. Because they exhibit fast, long-range 
charge transport through low energy diffusion pathways, the power densities of devices 
incorporating these materials can be high. In essence, this class of materials combines the high 
energy densities of battery materials with the high rates typically seen only for supercapacitor 
materials. Figure 1.2 depicts the energy storage mechanisms of batteries, supercapacitors, and 
intercalation pseudocapacitors. 
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Figure 1.2: Various electrochemical storage mechanisms for: a/b) electric double layer 
capacitors, c) redox pseudocapacitors, d) battery materials and intercalation pseudocapacitors. 
The dominant storage mechanism typically dictates the capacity and rate performance 
characteristics of a material [50]. 
1.3.2 Nanostructured Materials for Electrochemical Energy Storage Systems 
Materials with carefully controlled nanostructures offer a pathway towards high-rate, 
high-energy performance through enhancements in kinetic and transport characteristics realized 
at the nanoscale [53-57]. The characteristic timescale for Li+ diffusion in a solid cathode is 
defined as τ = L2/D, where L is the characteristic length, and D is the diffusion coefficient of Li+ 
in the material [53]. Therefore, a decrease in the characteristic material feature size results in a 
significant reduction in the ion diffusion timescale. In general, nanostructuring increases the 
electrochemical surface area of a material [11, 53]. However, it has even more pronounced 
effects for some materials. In these cases, such as LiFePO4, anisotropic morphologies can also be 
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important, and higher surface areas can lead to increased accessibility of the specific diffusion 
channels that are energetically favorable for intercalation [15, 58].  
An interesting case study of nanostructuring in electrochemical energy materials is the 
phospho-olivine, LiFePO4, a material of little practical significance in bulk despite its low cost 
and good electrochemical stability. When pulverized to nanoparticulate sizes, LiFePO4 
demonstrates dramatic improvements in electrochemical kinetics. Transport in LiFePO4 is highly 
anisotropic, with Li+ ion diffusion constrained to the {010} family of crystallographic channels. 
The presence of only a few defects in the crystal structure results in the blocking of these 
diffusion channels, hindering lithiation/de-lithiation and significantly lowering the capacity of 
the bulk version of the material. By reducing the particle size of LiFePO4, the increased 
accessibility of the desired {010} channels, reduced ion path lengths, and a reduced effect of 
channel blockage by defects lead to capacity enhancements [15, 58]. Because of nanostructuring, 
LiFePO4 can possess high ionic conductivities and good electrochemical performance [15, 58]. 
In fact, nanostructured LiFePO4 is one of the most reliable, high performing battery materials 
currently on the market [51]. 
Another interesting effect that is unique to battery materials at the nanoscale and does not 
appear in the bulk counterparts is in silicon-based materials for battery anodes. At ~4200 mAh/g, 
Si possesses one of the highest specific capacities among materials investigated for use in lithium 
ion battery anodes; in particular, the capacity of Si is an order of magnitude higher than that of 
graphite, the current commercial standard [59]. However, Si undergoes an extreme volume 
expansion of ~400% during electrochemical cycling. Repeated stress cycling causes rapid 
pulverization, structural disintegration, and massive capacity fading in the electrodes, making 
their practicality a major challenge [59-60]. Nevertheless, substantial progress has been reported 
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in the use of these materials when applied in their nanostructured forms. Nanotube and nanowire 
arrays, as well as hollow nanospheres, were demonstrated to improve degradation due to 
lithiation in Si anodes. The stress was reduced by allowing the volume expansion to proceed 
inwards in the case of the hollow nanospheres or nanotubes, or outwards in the case of nanorod 
arrays [60]. Park et al. reported excellent performance for nanotubular Si, with a capacity of 
~3200 mAh/g and a capacity retention of 89% after 200 charge/discharge cycles at 1C [48]. The 
discharge rate represents the total time it takes to fully discharge the electrode; for instance, a 
rate of nC indicates that it takes 1/n hours to fully discharge the electrode. 
1.3.3 Nb2O5 Materials for Lithium-Ion Insertion 
One promising intercalation material is niobium pentoxide in its orthorhombic phase, T-
Nb2O5 [61-62]. The ‘T’ stands for ‘tief,’ which is German for ‘low,’ as this material phase is 
typically attained via the low temperature thermal treatment of amorphous Nb2O5. T-Nb2O5 was 
demonstrated to exhibit relatively high capacities of ~110 mAh/g at discharge rates as high as 
100C when mixed with carbon black [61-62]. These capacities are typical of battery materials, 
and the discharge rates are closer to those of supercapacitors, making T-Nb2O5 an attractive 
material for high energy and high power applications. However, a major disadvantage of T-
Nb2O5 is its poor electrical conductivity (3.4 x 10-6 S/cm at 300 K) [63]. Significant 
electrochemical performance improvements were reported with modifications such as the 
addition of carbon black [62]. Dunn et al. demonstrated significant enhancements in the kinetics 
of lithium transport in mesoporous, nanocrystalline T-Nb2O5, attributing these enhancements to 
improved electron and ion transport due to the shortened Li+ ion diffusion lengths in 
nanostructured T-Nb2O5, coupled with improved intercalation of Li+ ions due to increased 
electrochemically active surface areas [61]. 
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To date, there are no reports of Nb2O5 electrodes produced in the nanotubular geometries. 
Drawing from our experience with electrochemical anodization techniques to synthesize 
electrodes with carefully controlled nanostructures [64], we fabricated Nb2O5 electrodes with 
planar and nanotubular morphologies. In efforts to further understand the storage mechanism in 
nanostructured T-Nb2O5, we investigated the effect of nanostructuring in this material on key 
electrochemical performance metrics. Our investigations will also help guide efforts towards 
high performing electrochemical energy storage devices. 
1.4 Photo-Driven Nanostructure Control 
Previous sections explored the use of nanostructured materials for PEC and EES 
applications. Techniques for the fabrication of these materials included precipitation [39], 
thermal oxidation [40], and electrochemical anodization [36]. Nanostructuring can lead to 
significant increases in the active surface areas and a reduction in electron/hole and electron/ion 
transport distances; these in turn can enhance the performance of PEC and EES materials.  
Increased surface areas and modifications of nanoparticle shape are also important in 
heterogeneous catalysis, where performance can be structure-sensitive for some reactions [13]. 
In a number of cases, the observed structural sensitivity has been attributed to variations in the 
crystallographic facets at the surface; this affects the molecular adsorption modes of the reactants 
and energy barriers for the reactions [10, 13]. The control of nanostructure using light is a 
relatively new field of study, which is very promising for many fields, among them, 
heterogeneous catalysis [10]. 
Heterogeneous catalysis plays a major role in the production of a variety of chemicals, 
pollution control, and energy applications [65-66]. Traditional catalyst synthesis methods such as 
impregnation techniques have limited control over morphologies of the materials, resulting in 
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suboptimal reaction rates and product selectivities. The following sections detail our efforts to 
utilize light towards controlling nanostructure in order to understand structure-function relations 
for heterogeneous catalysts as applied to the catalytic hydrogenation of -unsaturated 
aldehydes. 
1.4.1 Selective Hydrogenation of -Unsaturated Aldehydes 
Unsaturated alcohols are important intermediates in the synthesis of various chemicals 
[65]. Unsaturated alcohols are produced via the hydrogenation of -unsaturated aldehydes; this 
requires preferential hydrogenation of the C=O group over the C=C group, a very difficult 
selectivity to achieve. Extensive research efforts have been devoted to the development of 
catalysts with high rates and selectivities for C=O hydrogenation over C=C hydrogenation. 
Figure 1.3 shows reaction pathways for the hydrogenation of crotonaldehyde, a model -
unsaturated aldehyde. Crotonaldehyde hydrogenation reaction is a simple and attractive reaction 
to test the activities and selectivities for various catalysts. 
 
Figure 1.3: Reaction scheme for crotonaldehyde hydrogenation [65]. Different catalysts show 
variations in conversion rates and product selectivities. 
The development of heterogeneous catalysts for chemoselective hydrogenations has 
focused on controlling nanoparticle shape [10, 13] and size [66-67]. Controlling size allows for 
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control over the fraction of crystallographic facets exposed to the reactants; this influences the 
reaction rates and selectivities due to the varying surface energies and reactant adsorption modes 
[66-67]. For instance, in the gas-phase hydrogenation of crotonaldehyde, high-index planes of 
nanosized Pt have been shown to be much more reactive than lower index planes due to 
differences in the densities of surface atoms [68]. Different shapes lead to changes of the 
crystallographic facets that are exposed to reactants [13].  
Lercher et al. reported a significant increase in the selectivity (from 45 to 64%) towards 
the crotyl alcohol with increasing Pt particle size (from clusters composed of 10 atoms to clusters 
composed of 1000 atoms) for Pt/TiO2 catalysts during the gas-phase hydrogenation of 
crotonaldehyde [68]. They attributed this effect to the higher fraction of Pt(111) facets with 
increased particle size; these facets favor the adsorption of crotonaldehyde via the C=O group, 
thus increasing selectivity towards the unsaturated alcohol. The structure sensitivity of the 
crotonaldehyde hydrogenation has also been reported from studies of single crystal surfaces. 
Pt(111) surfaces yielded a 65% selectivity (at 10% conversion) towards the crotyl alcohol, while 
the Pt(110) surface had a selectivity of 63% towards butyraldehyde [69]. Similarly, Hofmeister 
reported enhancements in the specific activities of Ag/TiO2 catalysts for crotonaldehyde 
hydrogenation; there was a marked increase in selectivity towards crotyl alcohol from 28 to 53% 
for catalysts containing Ag nanoparticles between 1.4 and 3 nm [65]. While there are examples 
of structure sensitivity for  unsaturated aldehyde hydrogenations, the reaction is structure 
insensitive for some catalysts. Touroude reported the highly selective hydrogenation (60-70% at 
5-50% conversion) of crotonaldehyde to crotyl alcohol using a Au/TiO2 catalyst. However, the 
reaction was reported to be independent of Au particle size, suggesting structure independence in 
this case [70]. 
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1.4.2 Light-Induced Control of Metal Nanoparticle Shape and Size 
The most widely used methods to synthesize noble metal nanoparticles with some degree 
of nanostructure control involve chemical synthesis with harsh reducing and capping agents such 
as sodium tetrafluoroborate (NaBH4) [66] and 1-butyl-3-methylimidazolium tetrafluoroborate 
([BMIM][BF4]) [71],polyvinylpyrrolidone (PVP) [72], oleylamine, and 
tetradecyltrimethylammonium bromide (TTAB) [73]. Light is an inexpensive alternative tool for 
noble metal nanoparticle synthesis. Noble metal photodeposition has been demonstrated for a 
variety of semiconductor supports (SCS) [74-79]. Zheng et al. showed that in addition to simple 
photodeposition, light can also induce shape transformation for colloidal Ag metal nanocrystals. 
They demonstrated the truncation of Ag nanospheres into nanoprisms with controlled edge 
length. They also reported a linear dependence of prism edge length on incident photon 
wavelength and a shape dependence on illumination time [80]. Amal deposited small spherical Pt 
nanoparticles (2 – 3 nm diameter) under UV light (λ < 360 nm) [78]. In the same study, visible 
light (λ > 420 nm) irradiation was used to deposit larger Pt nanoparticles (5 – 10 nm diameter), 
suggesting a dependence of Pt nanoparticle size on incident photon wavelength [78]. In a 
separate study, Scaiano and co-workers reported the facile photochemical synthesis of Ag 
nanoparticles of varying shape (including dodecahedra, nanorods, nanoplates) by varying the 
wavelength of incident light (Figure 1.4) [81]. As demonstrated in these studies, the use of light 
to control the shape or size of noble metal nanoparticles has been widely reported. However, the 
simultaneous control of both nanoparticle shape and size in a photodeposition process has not 
been achieved. Moreover, a fundamental understanding of the mechanism behind the control of 
the shape of the metal nanoparticles using light is currently lacking. 
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Figure 1.4: Photochemical nanostructure control of citrate-stabilized Ag nanoparticles. 
1.4.3 Noble Metal Photodeposition on Semiconductor Supports 
Photodeposition is a conceptually easy route for directly depositing metal nanoparticles 
on a photosensitive support. During photodeposition, light illumination is used to induce the 
reduction of a metal salt to metal nanocrystals that nucleate and grow directly on a 
photosensitive support. Upon irradiation with photons possessing energy higher than the 
semiconductor bandgap, electron-hole pairs are generated. Subsequently, the metal ions adsorbed 
on the semiconductor surface are reduced by the photogenerated electrons from the 
semiconductor, forming a metal (in some cases zero-valent) nanoparticle nucleus upon which 
nanoparticle growth continues, with continued reduction [75, 79]. This leads to the formation of 
crystallites as illustrated in Figure 1.5. The mean size of nanoparticles depends on the nature of 
the metal, semi-conducting substrate and experimental conditions [75]. 
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Figure 1.5: Photo-deposition process on a WO3 support. Noble metal nanoparticles nucleate and 
grow upon reduction by photogenerated electrons.  
Research efforts typically target reducible supports as the reducibility typically shows a 
good correlation with the catalytic activity for some reactions [82]. Leclerq et al. studied the 
photodeposition of various noble metals on a TiO2 substrate. They reported a uniform dispersion 
of metal crystallites on the TiO2 support [75]. After irradiation with white light for 10 minutes, 
weight loadings of 1% and diameters of ~1 nm were observed for photodeposited Pt materials.  
Weight loadings of 2% and diameters of ~3-5 nm were reported for Ag materials photodeposited 
under similar conditions. Leclerq et al. also reported comparably fast deposition of Pd and Au on 
TiO2 supports; however, Ir required as much as 11 h of light illumination to photodeposit only 1 
wt. % of ~1 nm diameter Ir metal particles, while Cu and Ni failed to photodeposit [75]. The lack 
of Ni deposition was attributed to the misalignment of the flat band potentials of TiO2 with the 
redox potential of the Ni2+/Ni0 couple [75]. 
In this thesis, we attempted to synthesize WO3-supported Ag, Au, and Pt nanoparticles of 
varying shapes via the photodeposition synthesis method. Our goal was to simultaneously 
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control the size and shape. These photodeposited materials were evaluated for the selective 
hydrogenation of crotonaldehyde, and the results were correlated with key nanostructural 
properties of the noble metal particles. Results from the three noble metal systems are expected 
to assist in the design of chemoselective catalysts for other reactions. 
1.5 Research Goals and Thesis Layout 
The focus of research described in this dissertation was to demonstrate methods for the 
synthesis of materials with controlled nanostructural properties, evaluate the performance of 
these materials in industrially relevant applications, and determine, as necessary, the bases for 
their performance characteristics. In particular, we investigated hematite (∝-Fe2O3) nanotube 
arrays for photoelectrochemical water oxidation, orthorhombic niobium pentoxide (T-Nb2O5) for 
Li+ ion intercalation, and photodeposited noble metal (Ag, Au, Pt) nanoparticles for the selective 
hydrogenation of crotonaldehyde, a -unsaturated aldehyde. The results could enable the 
development of general design rules and techniques for the synthesis of nanostructured materials 
with superior performance. In the context of PECs, the objectives are to: 
 Prepare hematite nanotubes and understand the formation mechanisms. 
 Use the derived information to fabricate novel nanotube arrays; these include multilayers 
and wavelike nanotube-based photoanodes. 
 The results will be used to develop structure-property (water photo-oxidation) 
relationships for the materials. 
In the context of electrochemical energy storage, the objectives are to: 
 Synthesize planar and nanotube-based T-Nb2O5 electrodes. 
 Evaluate the Li+ intercalation behavior in T-Nb2O5 via charge/discharge experiments. 
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 Correlate electrode morphology to key electrochemical performance metrics and 
intercalation behavior. 
In the context of catalytic materials, the objectives are to: 
 Synthesize WO3-supported Ag, Au, and Pt nanostructures through the photodeposition 
technique. 
 Evaluate the catalytic behavior (chemoselectivity and activity) of WO3-supported Ag, 
Au, and Pt nanostructures for crotonaldehyde hydrogenation. 
 Correlate the activity and chemoselectivity results with key nanostructural properties of 
the noble metal particles. 
This thesis is divided into six chapters: the current chapter provided an introduction to various 
nanostructured systems for PEC water splitting, Li ion storage, and catalytic hydrogenation of 
crotonaldehyde. Chapters Two to Six are briefly summarized below. 
Chapter 2: Design and Synthesis of Hematite Nanotube Arrays 
The synthesis methods used to fabricate the hematite nanotube arrays (single layer, multilayer, 
and wavelike) are described. The formation mechanisms are explored. In addition, other 
common nanotube synthesis techniques are discussed and compared and contrasted with the 
electrochemical anodization technique used in this work. Bulk and surface properties of the 
various nanotube morphologies are characterized using X-ray Diffraction and Scanning Electron 
Microscopy. 
Chapter 3: Characterization of Hematite Nanotube Arrays for Photocatalysis 
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The performance of photoelectrodes with different morphologies are evaluated and discussed. 
Electrochemical characterization methods utilized in this work include linear sweep voltammetry 
and cyclic voltammetry. Photoanode efficiencies for arrays with different morphologies are 
evaluated and correlated with nanotube physical structure and properties. 
Chapter 4: Li+ Intercalation Behavior of Nanostructured T-Nb2O5 for Electrochemical 
Energy Storage: A Comparative Study of Planar and Nanotubular Electrodes 
The synthesis of planar and nanotubular T-Nb2O5 electrodes is described. Furthermore, the 
electrochemical performance evaluation and the Li+ intercalation behaviors of the electrodes are 
discussed. The electrochemical characterization methods included charge/discharge experiments, 
cyclic voltammetry, and electrochemical impedance spectroscopy. Bulk and surface properties of 
the two electrode nanostructures are characterized using X-ray Diffraction and Scanning 
Electron Microscopy techniques and correlated with key electrochemical performance 
measurements. 
Chapter 5: Nanostructured Au, Ag, and Pt Metals Photodeposited on WO3 for 
Crotonaldehyde Hydrogenation 
The synthesis (through photodeposition) and characterization of nanostructured Ag, Au, and Pt 
materials supported on WO3 are discussed. The activities and chemoselectivities for 
crotonaldehyde hydrogenation were evaluated, and correlated with the nanostructure of the 
materials. 
Chapter 6: Conclusions and Future Work 
A summary of key research findings and conclusions for the three materials systems investigated 
in this thesis are presented. Recommendations for addressing limitations identified in this work 
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and extending it towards the development of enhanced materials systems for future devices for 
catalysis and electrochemical energy storage are also discussed. 
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Chapter 2 
Design and Synthesis of Hematite Nanotube Arrays 
Portions of work summarized in this chapter were published in Mushove, T.; Breault, T.; 
Thompson, L. T. Ind. Eng. Chem. Res. 2015, 54, 4285. Copyright 2015 American Chemical 
Society. 
2.1 Introduction
Chapter One introduced nanostructuring as one promising strategy to enhance the 
performance of catalytic and electrochemical energy storage materials. In nanostructured 
photocatalytic materials, improvements in efficiency are a result of reductions in charge carrier 
diffusion distances to the electrode-electrolyte interface, where catalytic reactions occur [1-2], 
thereby reducing recombination rates. In addition, nanostructured materials possess larger 
electrochemical surface areas, which increases the number of active sites for photocatalytic 
reactions [3]. Among materials that have been investigated for use as photoelectrodes for water 
oxidation, hematite holds promise because it is inexpensive, is photocorrosion resistant in 
alkaline electrolytes, and exhibits a relatively low bandgap (~2.1 eV), which allows it to absorb a 
large fraction of the solar spectrum [1-3]. The various hematite electrode nanostructures that 
have been explored in the literature for solar water photo-oxidation are illustrated in Figure 2.1. 
Planar electrodes have long diffusion lengths and therefore high recombination rates [2, 4]. 
Nanoparticle-based electrodes suffer from recombination losses at the interfaces between 
adjacent nanoparticles, in addition to poor electron transport to the back contact, which again 
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increases recombination rates [5]. Nanostructures such as nanorods and nanotubes are 
advantageous because they confine electron transport to one dimension and have large surface 
areas available for electrolyte contact, thus reducing recombination and increasing 
photoconversion efficiency [3]. Because nanotubes utilize their inner and outer wall surfaces 
towards photocatalytic reactions, this dissertation focuses on nanotube-based electrodes. A 
number of nanotube fabrication techniques have been explored in the literature. The next section 
provides a brief overview of the most common techniques. 
 
Figure 2.1: Examples of hematite nanostructures applied to photocatalysis: (a) planar film [4], 
(b) nanoparticle film, and (c) nanotube/nanorod film. Planar and nanoparticle electrodes result in 
substantial recombination. Nanotube/nanorod electrodes result in improved charge transport [5]. 
2.2 Hematite Nanotube Synthesis Techniques 
Various synthesis techniques for fabricating iron oxide nanotubes have been investigated, 
including solution-based, vapor phase deposition based, and electrochemical methods. Yan et al. 
synthesized spindle-like, single-crystalline hematite nanotubes via the hydrothermal treatment of 
an FeCl3 solution in the presence of small amounts of ammonium phosphate [6]. The nanotubes 
were roughly vertically oriented, but were sparsely dispersed on the substrate. Park et al. 
employed the electrochemical deposition method to synthesize vertically aligned hematite 
nanotubes [7]. First, polyaniline nanorods were electrodeposited into the pores of aluminum 
a) b) c) 
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oxide templates through potentiostatic cycling. Next, the samples were dried at 80 °C to reduce 
the size of the nanorods, which creates spaces between the nanorods and the aluminum oxide 
template. Iron was then electrodeposited into the empty gaps, after which a thermal treatment 
was used to simultaneously decompose the polyaniline nanorods and oxidize the iron into 
hematite. Hematite nanotubes were obtained after the removal of the aluminum oxide template 
by immersing the samples in 1 M sodium hydroxide solution. While this method could be used 
to achieve high quality, vertically oriented nanotubes with well-controlled dimensions, the 
relatively high fabrication cost is a major drawback. 
Electrochemical anodization is a robust, inexpensive technique to synthesize metal oxide 
nanostructures. The experimental setup is simple, and the synthesis method is economical. The 
method also allows for a high level of morphological control through changes in synthesis 
conditions. The method has been known for over a hundred years, but it was not until the 1990s 
that it was discovered that ordered oxide nanostructures of various valve metals could be 
synthesized under controlled experimental conditions [8]. Prakasam et al. demonstrated the 
feasibility of nanostructuring iron foils through electrochemical anodization in a glycerol-based 
electrolyte containing ammonium fluoride, hydrogen fluoride, and nitric acid [9]. Initially, the 
technique was used to form nanopores, and soon after, it was discovered that hematite nanotubes 
could also be generated by varying the anodization conditions. Recently, electrochemical 
anodization has been studied more extensively as a synthesis technique for hematite 
nanostructures with tailored morphologies [10-12]. 
While the literature widely explores the application of hematite nanotube arrays for solar 
water photo-oxidation, to date there has been no investigation to understand the effect of 
variations in nanotube structure on photocatalytic performance. This chapter describes the 
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synthesis of hematite nanotube arrays of various morphologies using the electrochemical 
anodization technique, including two novel morphologies, multilayer and wave-like. The 
multilayer nanotube arrays were hypothesized to improve the photocatalytic performance as a 
consequence of enhanced light absorption due to scattering effects at the layer interfaces [5]. The 
wave-like nanotubes were expected to possess increased electrochemical surface areas compared 
to straight nanotubes, therefore enhancing photocatalytic rates [13]. By tracking the current and 
film resistances, the key stages during the synthesis of the nanotube arrays were identified. The 
bulk and surface structure of the materials were also characterized. The evaluation of the 
photocatalytic performance of the nanotube arrays for water oxidation is explored in the next 
chapter. 
2.3 Experimental Method 
2.3.1 Materials 
Iron foil substrates (99.5% and 99.99%, 0.25 mm thick) were purchased from Alfa Aesar. 
Chemicals for production of the electrolytes, ammonium fluoride (98.5%), ethylene glycol 
(laboratory grade, < 0.2 wt% water), and potassium hydroxide (ACS grade, 88%) were 
purchased from Fisher Chemical. Ultrapure water (resistance 18.2 MΩ) was obtained from a 
Millipore Milli-Q water purification system. 
2.3.2 Nanotube Array Synthesis 
The nanotube arrays were synthesized via electrochemical anodization. A two-electrode 
cell was constructed using an iron foil substrate (0.25 mm, 1.70 cm2) as the anode and a platinum 
foil (2.50 cm2) as the cathode (Figure 2.2). The electrodes were set 2 cm apart and an Agilent 
3647 power supply was used to apply a voltage across the electrochemical cell. To synthesize the 
nanotube arrays, an electrolytic solution composed of 2 wt% deionized water, 0.37 wt% 
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ammonium fluoride, and 97.63 wt% ethylene glycol was used. A customized MATLAB software 
routine was used to control the power supply, apply the voltage across the cell, and record the 
corresponding current response during the anodization experiment. Experimental data was 
collected at 0.5 s time intervals. Measured voltage profiles matched the input voltage profiles, 
indicating that the voltage drop across the internal resistances of the cell and power supply were 
negligible. In this dissertation, we present only the measured voltages. 
 
Figure 2.2: Schematic representation of electrochemical anodization cell used for nanotube array 
synthesis. A customized MATLAB software controls the power supply and records the current 
response. 
Small fluctuations in the measured current, on the order of 0.01 mA, were observed 
during anodization. These fluctuations remained even when a simple resistor was connected 
across the power supply. The minimum resolution of the power supply at 25 ± 5 ºC was 0.014 
mA, while the noise level was lower than 1.5 µA [14]. This indicated that the fluctuations were 
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an artifact of the power supply. In a typical anodization experiment, the measured currents were 
higher than 10 mA, and the effect of the current fluctuations on experimental results was 
therefore negligible. The measured values of the current were smoothed in order to avoid the 
fluctuation of the calculated differential resistance (dV/dI) between positive and negative values. 
Smoothing was performed using a moving average filter in MATLAB, over the span of five data 
points. The differential resistance was computed to help qualitatively understand the nanotube 
formation mechanism. The electrolyte temperature was maintained at 25 ± 2 ºC. 
2.3.2.1 Single Layer Nanotube Synthesis 
During the synthesis of single layer nanotube arrays, the voltage was increased from 0 to 
a holding voltage in the 30-60 V range at a rate of 25 mV/s. The holding voltage was maintained 
for between 10 and 30 minutes, depending on the desired nanotube length. For performance 
characterization (presented in Chapter Three), we used nanotube arrays that were ~3.0 µm in 
length. The synthesis condition we used to accomplish this for single layer nanotube arrays was a 
holding voltage of 40 V for 480 s. A typical voltage input and current response for single layer 
nanotube arrays (synthesized at a holding voltage of 40 V) is shown in Figure 2.3. After 
anodization, the nanotube samples were rinsed with ethanol to remove any remaining electrolyte 
from the surface of the film. Thereafter, the samples were sonicated in ethanol for 15 minutes to 
remove debris covering the openings of the nanotubes. The nanotube samples were then dried in 
a vacuum oven at 80 °C for 30 minutes. In addition to sonication, multilayer nanotubes 
(discussed in detail below) also required ultrasonication in order to expose the layers before 
characterization with SEM. 
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Figure 2.3: a) Measured voltage input and b) current response for single layer nanotube arrays 
synthesized at a holding voltage of 40 V. 
2.3.2.2 Multilayer Nanotube Synthesis 
Multilayer nanotube arrays were synthesized by increasing the voltage from 0 V to 45 V 
at a rate of 2.5 V/s and then pulsing the voltage between 45 V and 20 V. A pulse consisted of a 
hold at 45 V for a varying duration, from 40-140 s, followed by a hold at 20 V for 60 s. The 
number of layers (up to seven) could be varied by changing the number of pulse cycles. Beyond 
seven pulses, no further layer growth occurred due to poor diffusion of oxygen to the lower 
nanotube layers [15]. Multilayer nanotube arrays that were ~3.0 µm in length and composed of 
five layers were synthesized using a hold voltage of 45 V for 72 s, followed by a hold at 20 V for 
60 s, for five pulses (total anodization time = 660 s). Figure 2.4a shows a typical input voltage 
used to synthesize multilayer nanotube arrays with five layers, and Figure 2.4b shows the 
corresponding current response. 
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Figure 2.4: a) Measured voltage input, and b) current response for synthesis of multilayer 
nanotube arrays with five layers. 
2.3.2.3 Wave-like Nanotube Synthesis 
Wave-like nanotube arrays were synthesized by applying a triangular profile with 
voltages between 30 and 60 V, a period of 34 s, and a total time of 1260 s. Figures 2.5a and b 
show the voltage inputs and current responses, respectively. These synthesis conditions were 
designed to produce films with nanotube arrays that were ~3.0 µm in length. Attempts to 
synthesize wave-like nanotubes using a sinusoidal input potential were not successful, resulting 
in multilayer nanotube arrays instead. 
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Figure 2.5: a) Measured voltage input and b) current response for synthesis of wave-like 
nanotube arrays. 
2.3.3 Surface and Bulk Materials Characterization 
Bulk and surface characterization of materials was done using X-ray diffraction (XRD) 
and scanning electron microscopy (SEM). XRD patterns of the materials before and after a 
thermal treatment step were recorded using a Rigaku 600 Miniflex X-ray diffractometer 
equipped with a graphite monochromator and Cu K radiation ( = 1.5 Å). Patterns were 
collected at a step size and scan rate of 0.02°/step and 2.00°/minute, respectively. Phases were 
identified using MDI Jade version 10. The nanotube array surface and cross-sectional 
morphologies were imaged using a FEI Nova 200 Nanolab field emission SEM. Prior to SEM 
imaging, the nanotube films were coated with a thin film of Au/Pd using an Anatech Hummer VI 
sputter coater. The SEM micrographs were used to determine average diameters and lengths of 
the nanotubes. 
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2.4 Results and Discussion 
2.4.1 Nanotube Array Synthesis and Formation Mechanism 
Varying the conditions during electrochemical anodization enabled the synthesis of three 
different hematite nanotube morphologies: single layer, multilayer, and wave-like. The sequence 
of physical and chemical events occurring during nucleation and growth of the nanotube arrays 
was determined from the current response data during anodization. The literature suggests that 
nanotube array formation proceeds via two competing processes: the voltage-induced formation 
of an oxide layer and the chemical dissolution of the oxide in the presence of highly complexing 
fluoride ions [10, 12, 16]. 
2.4.1.1 Single Layer Nanotube Arrays 
The current response, instantaneous resistance (V/I) (Figure 2.6a), and differential 
resistance (dV/dI) (Figure 2.6b) indicate four distinct stages during synthesis of the single layer 
nanotube arrays. During Stage I, the current response is Ohmic, a consequence of the iron foil 
behaving as a simple resistor when a voltage is applied across it. The accompanying differential 
resistance during Stage I remains fairly constant (Figure 2.6b), suggesting that there are no 
significant changes in the physical structure of the material. During Stage II, there was a sudden 
decrease in the current, resulting from a sharp increase in the resistance. This sharp increase was 
due to the formation of a thin oxide layer on the iron substrate [12]. A negative differential 
resistance (NDR) is typically observed for semiconductors [18] and is a result of quantum 
tunneling effects [19]. One possible way NDR arises is that the thin oxide film behaves as a 
shallow potential well [19], allowing electrons to tunnel through it at the high electric fields that 
is applied during anodization. UV-vis spectroscopy of the remnant solutions (Figure 2.7) from 
anodization experiments revealed that the materials exhibited optical properties consistent with 
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the presence of semiconducting iron oxides [10]. Results from X-ray diffraction experiments 
(discussed in Section 2.4.2), showed that the thin oxide layer was amorphous iron oxide. A red-
brown coloration was simultaneously observed on the electrode during this stage; this suggested 
that the initial oxide layer was formed according to the following chemical reaction [10, 16]: 
2Fe + 3H2O → Fe2O3 + 6H+ + 6e-   (1) 
 The subsequent increase in current and reduction in instantaneous resistance observed during 
Stage III was likely due to the onset of pitting of the oxide layer by the fluoride ions, resulting in 
a reduction in the mass of the more resistive oxide. The chemical dissolution of the oxide could 
occur according to the following reaction, which results in the formation of highly soluble 
hexafluoroferrate complexes [10, 12]:  
Fe2O3 + 12F- + 6H+ → 2[FeF6]3- + 3H2O  (2) 
Confirmation of the presence of hexafluoroferrate ions in solution was demonstrated previously 
by Tilley [20]. Tilley identified the absorbance peak at ~719 nm as hexafluoroferrate ions [20]. 
Using UV-vis spectroscopy, we were able to show a similar absorbance peak at ~719 nm for 
solutions after anodization (Figure 2.7), corroborating the reaction path shown in Equation (2) 
above. 
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Figure 2.6: Typical current responses and a) computed instantaneous (V/I) and b) differential 
(dV/dI) resistances during single layer nanotube array synthesis at a holding voltage of 40 V.
 
 
Figure 2.7: Absorbance spectrum of electrolyte after anodization. The chemical dissolution of 
iron oxide leads to the formation of hexafluoroferrate complexes. 
The chemical action of the fluoride ions on the oxide is aided by the strong electric field 
[10], which likely polarizes and weakens the Fe-O bonds, making it easier for fluoride ions to 
complex the iron ions. This hypothesis is based on the findings of Maruyama et al., who 
[FeF6]3-
) 
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observed the polarization of Ti-O bonds in BaTiO3 under the application of electric fields [21]. 
In our study, nanotube formation was only observed at holding voltages ≥ 30 V. Neophytic 
nanotube pores become visible under SEM at ~20 V, as shown in Figure 2.8. Surface defects on 
the compact oxide layer lead to localized variations in the current density, resulting in the 
initiation of pit formation in areas where the current is more concentrated. Increased local current 
density leads to local Joule heating and faster reaction rates, thus enhancing the dissolution 
process. Corrosion continues within the pit, with complementary reduction at the oxide surface, 
perpetuating pore growth at some points as opposed to others [22-24]. 
   
 
Figure 2.8: Initiation of nanotube formation at ~20 V. Above the line, there is evidence of 
nanotube formation; below it, the oxide layer is still compact. 
During Stage IV, at constant applied potential, the nanotubes grow at a constant rate as 
evident in the constant current increase observed in Figure 2.3. Figure 2.9 shows the current 
response for the last 10 minutes (Stage IV) of the anodization process for different final applied 
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voltages. The rate of nanotube growth increases with increasing holding voltage. Higher holding 
potentials therefore shorten the amount of time required for complete nanotube formation. 
However, higher applied potentials also require longer ramping times, resulting in extensive 
nanotube dissolution. Extended anodization times at lower holding voltages (≤ 40 V) also 
resulted in nanotube dissolution. 
Also, as shown in Figure 2.9, for a final voltage of 20 V, the measured current remains 
almost constant, suggesting that there are only minimal changes in the resistance of the iron 
oxide film in Stage IV, and hence minimal pitting or changes in morphology at this voltage. This 
corroborates the SEM observation shown in Figure 2.8, that is, voltage-aided chemical 
dissolution occurs only at voltages higher than 20 V under the experimental conditions used in 
this work. This lower voltage limit was important for the synthesis of multilayer nanotube arrays, 
discussed below. Figure 2.10 shows a schematic summarizing the single layer nanotube array 
formation mechanism discussed. 
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Figure 2.9: Current response for Stage IV of nanotube formation for different final applied 
potentials. Nanotube formation initiates at ~20 V and nanotube growth rate increases with 
holding voltage. 
 
Figure 2.10: Iron oxide nanotube array formation proceeds in four stages. 
Representative SEM images of the surface and cross-sectional morphologies for the 
single layer nanotube arrays are shown in Figure 2.11. The micrographs reveal that the single 
layer nanotubes were circular with smooth cross sections. 
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Figure 2.11: Scanning electron micrographs of single layer nanotube arrays showing typical 
cross-sections (a-c), and d) top view. 
2.4.1.2 Multilayer Nanotube Arrays 
Growth patterns for the multilayer nanotube arrays were similar to those for the single 
layer nanotube arrays, except that the layers were stacked on top of each other in the multilayer 
arrays. Multilayer nanotubes were achieved by alternating the potential from a higher value (45 
V) where nanotubes could form, to a lower value (20 V) where no voltage-aided chemical 
dissolution occurs, thus allowing for separation between layers. At the upper pulse value of 45 V, 
nanotube formation proceeded in a similar fashion to that of single layer nanotubes as described 
above. However, upon applying the lower pulse potential, the electric field was too weak for 
directed nanotube growth. Therefore, dissolution is non-directional, resulting in the formation of 
layers. 
d) c) 
b) a) 
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The nanotube layer thickness in multilayer nanotube arrays was a linear function of the 
upper pulse time (Figure 2.12). Therefore, the number and thickness of nanotube layers could be 
controlled precisely, with a maximum of seven layers. Extrapolating the plot of the nanotube 
layer thickness against the upper pulse time revealed that the formation of each new layer of 
nanotubes started approximately 20 s after the upper voltage pulse was applied. A closer 
examination of the current response for multilayer nanotube synthesis (Figure 2.13) corroborates 
this observation. About 20 s after the application of the upper pulse potential, the current begins 
to increase, indicating the onset of the chemical dissolution stage for the newly formed iron 
oxide layer. The lower potential only controlled layer separation. Also, the application of the 
lower potential pulse for time periods less than 30 s resulted in poor layer separation and a 
nanotube morphology that was similar to that of single layer nanotubes. 
Figure 2.14 shows SEM images for nanotube arrays with three, five, and seven layers, 
synthesized by applying corresponding numbers of voltage pulse cycles. Multilayer nanotubes, 
like single layer nanotubes, were circular with smooth cross sections. Figure 2.15 shows the 
nanotube layer boundaries in detail. It is interesting to note that some portions of adjacent layers 
overlap (Figure 2.15d), thus holding the layers together. 
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Figure 2.12: Multilayer nanotube layer thickness varies linearly with upper pulse time. New 
nanotube layer formation begins ~20 s, noted by the red box, after application of the upper pulse 
potential. 
 
Figure 2.13: A magnified view of current response for one upper cycle during multilayer 
nanotube synthesis. New layer formation begins ~20 s after application of the upper voltage 
pulse. 
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Figure 2.14: Multilayer nanotube arrays with a) three, (b, c) five, and (d) seven layers. 
a) 
c) 
b) 
d) 
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Figure 2.15: a, b) Magnified views of nanotube layer boundaries, c) round nanotube bottoms, 
and d) interlayer overlap in multilayer nanotube arrays. 
2.4.1.3 Wave-like Nanotube Arrays 
During single layer nanotube synthesis, it was found that the nanotube diameter varies 
linearly with the holding voltage (30 – 60 V) (Figure 2.16). A similar trend was observed by 
other researchers [10]. Therefore, we postulated that a triangular voltage input in the 30 – 60 V 
range would effect a smooth variation in the diameter of nanotubes, resulting in the formation of 
the wave-like nanotube morphology. The increase in diameter with holding voltage is to be 
expected, given that higher voltages are more polarizing to chemical bonds in the oxide structure, 
making oxide dissolution easier. Also, as observed with single layer and multilayer nanotube 
array synthesis, the measured current increases as the pitting process continues during the 
synthesis of wave-like nanotube arrays (Figure 2.5). Representative SEM images for wave-like 
a) b) 
c) d) 
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nanotube arrays are shown in Figure 2.17. The micrographs reveal that the wave-like nanotubes 
were circular with an undulating cross section. From a geometrical perspective, an undulating 
morphology should exhibit a higher surface area, which is observed in Table 3.1. 
 
Figure 2.16: Variation of nanotube diameter with holding voltage for single layer nanotube 
arrays. 
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Figure 2.17: SEM showing wave-like nanotube arrays. (a) Top-view, (b-d) cross-sectional view. 
2.4.2 Bulk Materials Characterization 
The as-synthesized nanotube arrays were amorphous and required thermal treatment to 
crystallize the films. Various calcination schemes were investigated in air and in oxygen 
atmospheres; phase pure hematite was achieved in the oxygen atmosphere. 
2.4.2.1 Nanotube Annealing in an Oxygen Atmosphere 
Following a thermal treatment scheme suggested by the literature, annealing in an oxygen 
atmosphere at 600 °C for two hours with heating/cooling rates of 2 °C/min caused the 
crystallization of the nanotube films into phase-pure hematite (JCPDS 04-008-7623) [25]. XRD 
patterns of the nanotube films annealed under oxygen are shown in Figure 2.18. For all samples, 
the nanotube film thickness was ~3 µm, therefore; the underlying iron substrate was detected by 
d) 
a) b) 
c) 
 53 
 
XRD (indicated by a diamond above the diffraction patterns). The amorphous and crystalline 
nanotube films had similar morphologies under SEM. The mean crystallite sizes, as estimated 
from the Scherrer formula using peak broadening of the XRD patterns, were 11, 11, and 9.6 nm 
for single layer, multilayer, and wave-like nanotube arrays, respectively (Table 2.1). Mean 
crystallite sizes were comparable to mean nanotube wall thicknesses for all three morphologies, 
as shown in Table 2.1. This strongly suggests that the nanotube walls are composed of only one 
crystallite, an advantageous property for photocatalysis applications as grain boundaries have 
been shown to act as recombination centers, which reduce the photoconversion efficiency [26-
27]. 
 
Figure 2.18: X-ray diffraction patterns for as-synthesized and single layer, multilayer, and wave-
like nanotube arrays annealed in an oxygen atmosphere. Annealed samples were composed of 
phase-pure hematite. 
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Table 2.1: Average crystallite size compared to nanotube wall thickness for single layer, 
multilayer, and wave-like nanotubes. 
 Single Layer Multilayer Wave-like 
Mean crystallite size (nm) 11 11 9.6 
Mean nanotube wall thickness (nm) 9.6 10 9.5 
 
2.4.2.2 Nanotube Annealing in Air 
Initial attempts for the thermal treatment of nanotube arrays used an air atmosphere. 
Calcining in air was investigated by varying the calcination temperature, heating/cooling rates, 
and calcination hold times. However, none of the schemes investigated in air resulted in pure-
phase hematite. Instead, the materials were composed of mixtures of magnetite, maghemite, and 
hematite. Magnetite and maghemite, a metastable phase between magnetite and hematite, are 
typically not applied for photoelectrochemical water splitting. This is due to the low bandgap of 
magnetite (0.14 eV), which is not sufficient for water photo-oxidation, and the occurrence of a 
high density of cation vacancies in maghemite, respectively. Cation vacancies in maghemite 
result in high electron-hole recombination rates [28]. Below is a summary of the experimental 
investigation carried out in an effort to maximize the yield of the hematite phase in the nanotube 
films. 
2.4.2.3 Effect of Calcination Temperature 
Following a previous calcination procedure developed within our research group for iron 
oxide nanotubes [29], a heating and cooling rate of 1.77 °C/min, and an annealing hold time of 1 
h were chosen. Because the nanotube films flaked off of the substrate at temperatures ≥550 °C 
and because crystallization of the films did not occur below 300 °C, annealing temperatures were 
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chosen between 300 and 500 °C. Under these conditions, the nanotube films were composed of 
hematite and maghemite as shown in Table 2.2. During thermal treatment, amorphous iron oxide 
undergoes the following transformation [28]: 
Magnetite (Fe3O4) → Maghemite (γ-Fe2O3) → Hematite (α-Fe2O3) 
A hold temperature of 300 °C was too low for the transformation of maghemite to hematite, and 
the nanotube samples were composed solely of maghemite. There was an increase in the phase 
fraction of hematite with increasing temperature, up to 450 °C. However, at 500 °C, the phase 
fraction of hematite dropped to 28%. No further analysis was carried out to explain this trend as 
the hematite yield was low. 
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Table 2.2: Phase fraction of hematite under an air atmosphere increases with annealing 
temperature until a turning point of 450 °C. 
Hold 
Temperature/ °C 
% Maghemite % Hematite 
300 100 0 
400 63 37 
450 58 42 
500 72 28 
 
2.4.2.4 Effect of Heating/Cooling Rate 
To investigate the effect of the heating and cooling rate on the phase fraction of hematite 
achieved, an annealing hold time of 1 h and an annealing time of 450 °C were used. Table 2.3 
summarizes our findings. Increasing heating/cooling rates up to 7.5 °C/min resulted in a decrease 
in the total phase fraction of hematite because of a reduction in the total annealing time, hence 
reducing the amount of time for transformation from maghemite to hematite. For a 
heating/cooling rate of 10 °C/min, no maghemite was observed, suggesting a direct 
transformation of magnetite to hematite [28].   
Table 2.3: Phase fraction of hematite under an air atmosphere increases with a reduction in 
heating/cooling rates. At the high heating/cooling rate of 10 °C/min, magnetite transforms 
directly to hematite. 
Heating/cooling 
Rate (°C/min) 
% Magnetite % Maghemite % Hematite 
1.77 0 58 42 
5 0 64 36 
7.5 0 68 32 
10 50 0 50 
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2.4.2.5 Effect of Calcination Hold Time 
To investigate the effect of the calcination hold time on the total phase fraction of 
hematite, a calcination temperature of 450 °C and a heating/cooling rate of 1.77 °C/min were 
used. Short holding times of less than 30 minutes resulted in 100% non-stoichiometric iron 
oxides (Table 2.4). At an annealing hold time of 1 h, there was a mixture of hematite and 
maghemite. Beyond 1 h, a disproportionation reaction of maghemite resulted in an increased 
phase fraction of hematite together with the non-photoactive magnetite [28]. The fraction of 
hematite increased with longer annealing hold times, up to 71% observed after 2 h. However, 
while increasing hold times under this annealing scheme seemed promising, extended hold times 
longer than 2 h resulted in the flaking of the nanotube films from the iron substrate. Figure 2.19 
shows diffraction patterns for materials annealed in an air atmosphere at 450 °C, with cooling 
rates of 1.77 °C/min. After consideration of all annealing schemes investigated, it was decided to 
anneal all nanotube array samples used for photocatalytic performance testing (described in the 
next chapter) in an oxygen atmosphere.  
Table 2.4: Phase fraction of hematite under an air atmosphere increases with increasing 
annealing time. 
Annealing 
Hold Time 
(h) 
% 
Magnetite 
% 
Maghemite 
%   
Hematite 
% Non-
stoichiometric Iron 
Oxides 
0.5 0 0 0 100 
1 0 58 42 0 
1.5 34 0 66 0 
2 29 0 71 0 
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Figure 2.19: X-ray diffraction patterns for as-synthesized and single layer, multilayer, and wave-
like nanotube arrays annealed in an air atmosphere at 450 °C, with cooling rates of 1.77 °C/min. 
Samples were composed of a mixture of hematite and magnetite phases. 
2.5 Summary and Conclusions 
  The synthesis of single layer, multilayer and wave-like hematite nanotube arrays using 
the electrochemical anodization technique and the characterization of their bulk and 
morphological properties are presented. The multilayer nanotube arrays were hypothesized to 
improve the photoconversion efficiency as a consequence of enhanced light absorption due to 
scattering effects at the layer interfaces. The wave-like nanotube arrays were expected to possess 
increased electrochemical surface areas compared to straight nanotubes, therefore enhancing 
photocatalytic rates. The nanotube morphology was strongly dependent on the synthesis 
conditions; four distinct stages of nanotube array formation were identified by tracking the 
 59 
 
current response and film resistances during synthesis. Fine tuning of the morphology and 
understanding the impact of structure on performance could help create improved nanoscale 
devices for various photoelectrochemical applications, such as water oxidation.  
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Chapter 3      
Characterization of Hematite Nanotube Arrays for Photocatalysis 
Portions of work summarized in this chapter were published in Mushove, T.; Breault, T.; 
Thompson, L. T. Ind. Eng. Chem. Res. 2015, 54, 4285. Copyright 2015 American Chemical 
Society.  
3.1 Introduction
The previous chapter described the design and synthesis of hematite photoanodes in 
various nanotube array structures: single layer, multilayer, and wave-like. Nanostructured 
materials offer improved performance in photocatalytic reactions due to the decoupling of light 
absorption and charge carrier transport [1-3], increases in the active electrochemical surface 
areas [4], and enhancements in light scattering [5, 6]. Scattering effects extend the amount of 
time that photons are trapped within the nanostructure, allowing for increased photon absorption. 
In this chapter, the effects of the different morphological features of the various nanotube 
array structures on photoconversion efficiency were evaluated. The multilayer nanotube arrays 
were hypothesized to exhibit enhanced light absorption due to scattering effects at the layer 
interfaces, thereby improving photocatalytic performance [5]. Wang et al. reported performance 
improvements in dye-sensitized solar cells when using bilayered TiO2/CeO2 photoanodes as 
compared to monolayer TiO2 photoanodes. The thin CeO2 layer was shown to effectively scatter 
trapped photons, resulting in an 18% enhancement in the photoconversion efficiency [6]. The 
wave-like nanotube arrays were expected to possess increased electrochemical surface areas 
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compared to straight nanotubes and higher photocatalytic rates as the result [7]. The nanotube 
arrays were evaluated for use as photoanodes for water oxidation. Key properties of the 
materials, including the accessible electrochemical surface area and bandgap, were characterized, 
and their effects on photocatalytic performance were assessed. The ultimate goal was to 
construct nanostructure-function correlations in order to understand and develop design rules for 
superior performing photoanodes. Figure 3.1 is a schematic depiction showing increased light 
absorption due to increased scattering effects at layer interfaces in multilayer nanotube arrays, as 
well as increases in electrochemical surface area expected in wave-like nanotube arrays. 
 
Figure 3.1: Nanotube array types investigated in this dissertation. a) Multilayer nanotube arrays 
promise increased light scattering at layer interfaces. (b) Single layer nanotube arrays. (c) Wave-
like nanotube arrays offer larger electrochemical surface areas for photocatalytic reactions. 
 
c) b) a) 
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3.2 Experimental Method 
3.2.1 Materials 
Chemicals for production of the electrolytes, potassium hydroxide (ACS grade, 88%), and 
hydrogen peroxide (ACS grade, 30%) were purchased from Fisher Chemical. Ultrapure water 
(resistance 18.2 MΩ) was obtained from a Millipore Milli-Q water purification system. 
3.2.2 Electrochemical Surface Area Characterization 
Cyclic Voltammetry (CV) was used to estimate the nanotube array double layer 
capacitance based on plots of the measured current versus the scan rate. The electrochemical 
surface areas were then calculated based on a reference capacitance for metal oxides of 50 
μF/cm2 [8-10]. This method requires that the properties of the double-layer and space-charge 
region be similar between the different materials and is sufficient for comparison of such 
materials when tested under identical conditions [10]. The error of this method is typically 
measured at < 10 % [8]. Errors in the electrochemical surface area measurements were obtained 
by taking an average of the surface areas of three electrodes synthesized under the same 
anodization conditions.  
3.2.3 Optical Characterization 
UV-vis spectra were recorded using an Agilent-Cary 5000 spectrophotometer equipped 
with a Praying Mantis diffuse reflectance accessory and an iron foil as the background. Spectra 
were recorded in reflectance mode from 350 to 800 nm. The Kubelka-Munk function, F(R) = (1-
R)2/2R, was used to transform the spectra. Tauc plots were generated using this function. Using 
Tauc analysis, the bandgap of a material can be calculated through the following equation: 
(hνF(R∞))1/n = A(hν - Eg)                                                      Equation (3.1) 
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where h is Planck’s constant, ν is the frequency of the incident light, F(R∞) represents the 
absorption coefficient multiplied by a factor of 2.303 divided by the film thickness [11], A is a 
material constant, and  Eg  is the  material’s bandgap. The value of the exponent, n, denotes the 
nature of the electronic transition, with n = 0.5 representing an allowed direct transition, and n = 
2 representing an allowed indirect transition. A plot of (hνF(R∞))1/n against hν can be made and 
the appropriate bandgap determined at the point where the line extrapolated from the linear 
region of the plot intersects the energy-axis ( ℎ𝑣 ). This method assumes a planar electrode and 
approximately parabolic conduction and valence band edges with respect to the material’s crystal 
momentum [12]. Therefore, some semiconducting materials, when nanostructured, suffer from 
artifacts of complex geometries, making accurate bandgap determination difficult. However, this 
is not the case with hematite, which exhibits a small exciton Bohr radius (discussed in detail 
below). 
3.2.4 Photoelectrochemical Measurements 
Photoelectrochemical measurements were performed in a three-electrode glass cell, as 
shown in Figure 3.2. The cell contained a working hematite nanotube photoanode, a Pt foil 
counter electrode, and a Hg/HgO reference electrode. The electrolyte was 1 M KOH (pH 13.8) 
degassed with ultrahigh purity nitrogen gas. Potentials are reported vs. the reversible hydrogen 
electrode (RHE) using the following equation: VRHE = VHg/HgO + 0.098 V + 0.059 V *pH(1 M 
KOH), where 0.098 is the standard electrode potential of the Hg/HgO (1 M KOH) system vs. the 
standard hydrogen electrode (SHE). 
A Gamry Instruments Series G750 potentiostat was used to perform linear sweep 
voltammetry (LSV) and cyclic voltammetry. LSV and CV experiments were performed at a scan 
rate of 50 mV/s under simulated AM 1.5G illumination using a 300 W Xe lamp (Solar Light 
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16S-300) at 100mW/cm2, and the photocurrent was normalized to the geometrical surface area of 
the photoanode under illumination (0.25 cm2). The Xe lamp replicates the full solar spectrum and 
was equipped with an AM 1.5 filter to simulate solar irradiation on the surface of the Earth. The 
electrolyte used was 1M KOH or 1M KOH + 0.5M H2O2, depending on the specific experiment. 
Light chopping for LSV was manually performed at ~1 Hz. Electrochemical Impedance 
Spectroscopy (EIS) measurements were performed in the frequency range from 100 kHz to 0.1 
Hz at 1.31 V vs. RHE under dark and AM 1.5 illumination. 
 
Figure 3.2: Photoelectrochemical cell setup. All electrochemical surface areas were normalized 
to the geometrical surface area. 
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The incident photon to current efficiency (IPCE) measurements were carried out using a 
Newport-Oriel 150 W Xe arc lamp fitted with a quarter-turn single-grating monochromator. 
IPCE was calculated as the ratio of the measured photocurrent to the incident photon current at 
each wavelength scanned, in the range of 350 – 800 nm. Sample measurements were recorded 
using a quartz beam splitter to simultaneously record the light output with a separate Si 
photodiode to adjust for lamp fluctuations. The potential of the working electrode was held at 
1.31 V vs. RHE in 1 M KOH, and the absolute photocurrents were measured using a digital PAR 
273 potentiostat. A small potential of 0.08 mV was applied to account for kinetic and 
thermodynamic overpotentials associated with experimentally splitting water [13-14]. A Stanford 
Instruments SR830 lock-in amplifier was connected to the output signal, which was co-fed with 
the reference Si photodiode into a computer equipped with custom-written LabVIEW software.  
The Mott-Schottky approach at a measurement frequency of 1 kHz was used to determine 
the flat band potential and charge carrier densities of the nanotube arrays under dark and 
illumination conditions. The measurements were repeated on two films for each of the nanotube 
array morphologies. Measurement frequencies of 0.1, 0.5, and 3 kHz were also examined; the 
values for the flat band potentials and the charge carrier densities determined at these frequencies 
were similar to those measured at 1 kHz. A geometric surface area of 0.25 cm2 was used for the 
electrodes, and the permittivity of hematite was assumed to be 80 [15]. Mott-Schottky analysis 
was developed with the assumption of a smooth planar electrode [14]. Therefore, when applied 
to complex nanostructured geometries, as in our case, the analysis only yielded useful results for 
single layer nanotube arrays, but not for multilayer or wave-like nanotube arrays. 
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3.2.5 Electrochemical Techniques 
3.2.5.1 Cyclic Voltammetry (CV) 
  A typical cyclic voltammetry experiment involves the application of a linearly changing 
voltage across the working electrode. The applied voltage is changed from a lower limit, E1, at t 
= 0 s, to an upper limit, E2, at t = tswitch, then back to the lower limit, at a constant rate, ν (V/s) 
(Figure 3.3). Simultaneously, the current flowing through the working electrode is measured and 
recorded. Typical cyclic voltammograms for hematite are shown in the results section. 
 
Figure 3.3: Voltage input at a working electrode during a typical cyclic voltammetry 
experiment.  
3.2.5.2 Linear Sweep Voltammetry (LSV) 
  An LSV experiment is similar to a CV experiment except that the voltage sweep is 
applied in only one direction, from E1 to E2. Example current responses in an LSV experiment 
under chopped light are shown in the results section. 
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3.2.5.3 Electrochemical Impedance Spectroscopy (EIS) 
EIS is an electrochemical characterization technique that allows the measurement of the 
impedance of a system over a frequency range. In our experiments, a small alternating voltage 
signal with a 10 mV amplitude was applied, and the voltage and current responses were 
measured. When expressed as a Nyquist plot, EIS data reveals the different characteristic 
behaviors of the material at various frequencies, allowing the transport and kinetic properties to 
be determined [16]. 
3.2.5.4 Mott-Schottky Analysis 
Mott-Schottky analysis allows for the determination of the flat band potential (Vfb) and 
charge carrier density (ND) of a semiconductor electrode through a relation of the semiconductor-
electrolyte interfacial capacitance (C) to the applied voltage (V) [17-18]: 
       1/C2 = (2/(εε0 A2 e ND)) (V – Vfb – kBT/e)          (Equation 3.2) 
 where ε is the relative permittivity of the semiconductor material, ε0 is the permittivity of free 
space, A is the geometric surface area of the electrode, e is the elementary charge, kB is 
Boltzmann’s constant, and T is the absolute temperature. At room temperature and pressure, the 
last term, kBT/e, is negligible compared to the term V – Vfb. From a plot of 1/C2 against V, Vfb 
can be determined from the intercept on the voltage axis, while the value of ND can be computed 
from the slope. The permittivity of free space, ε0, for hematite was assumed to be 80 [15], and the 
geometric surface area, A, for our electrodes was 0.25 ± 0.03 cm2. 
3.3 Results and Discussion 
3.3.1 Electrochemical Surface Area Characterization 
The wave-like nanotube arrays possessed higher electrochemically active surface areas 
than the single layer and multilayer nanotube arrays based on results from cyclic voltammetry. 
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The cyclic voltammograms used to determine the electrochemical surface areas are illustrated in 
Figure 3.4. 
 
Figure 3.4: Cyclic voltammograms for a) single layer, b) multilayer, and c) wave-like nanotube 
arrays at varying scan rates showing the double layer capacitive current in the various nanotube 
morphologies. 
The current at 0 V (the midpoint of the voltage range -25 to 25 mV) was plotted as a 
function of scan rate (Figure 3.5), and the slope was used to estimate the double layer 
capacitances. The estimated electrochemical surface areas for the single layer, multilayer, and 
wave-like nanotube arrays were determined using a reference capacitance of 50 μF/cm2 [8-10] 
and are shown in Table 3.1. Single layer and multilayer nanotube arrays exhibited similar 
electrochemical surface areas, but both of these were less than half the electrochemical surface 
area of wave-like nanotube arrays. Geometric surface areas for all of the films were 0.25 cm2. 
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Table 3.1: Properties of the single layer, multilayer, and wave-like nanotube arrays. 
 Indirect 
Bandgap (eV)  
Electrochemical Surface Area per 
Geometric Surface Area (cm2/cm2) 
IPCE at λ = 
350 nm (%) 
Single layer 2.4 9.9 ± 1 4.1 
Multilayer 2.4 11 ± 1 1.2 
Wave-like  2.5 18 ± 2 14 
 
 
Figure 3.5: Variation of nanotube capacitive current with scan rate for single layer (red square), 
multilayer (blue circle), and wave-like (green triangle) nanotube arrays. The slope is proportional 
to the double layer capacitance, from which the electrochemical surface area was calculated. 
3.3.2 Optical Characterization 
Normalized diffuse reflectance spectra [12] for the single layer, multilayer, and wave-like 
nanotube arrays are illustrated in Figure 3.6a. Similar optical properties were observed for all 
three morphologies, with the absorption onset occurring at ~ 600 nm and additional absorption at 
~ 450 nm. The optical characteristics of the nanotube films are consistent with hematite 
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exhibiting a direct bandgap of ~2.4 eV as determined from the Tauc plot in Figure 3.6b and an 
indirect bandgap of ~1.9 eV (from Figure 3.7). These bandgap values are consistent with the 
optical absorption properties of hematite reported in literature [1, 19-22]. Because Tauc analysis 
was developed for planar electrode architectures, using such an analysis for some semiconductor 
materials, especially when nanostructured, can yield inaccurate data for the optical and electronic 
properties. For thin films and other low-dimensional nanostructures, the exciton Bohr radius is 
an important parameter, defining electronic and optical behavior. Quantum confinement effects 
arise when the material size is smaller than the exciton Bohr radius [12, 23]. The exciton Bohr 
radius is the distance over which a bound state can be formed via the Coulombic interaction 
between an electron in the conduction band and a hole in the valence band. Because the exciton 
Bohr radius of hematite (~5 nm) [12] is smaller than the wall thickness (~10 nm) of the nanotube 
arrays synthesized in this work (discussed in previous chapter), changes in the band structures of 
the nanotube arrays developed herein from the bulk characteristics can be assumed as negligible, 
and no artifacts due to nanostructuring are expected [24]. 
 
Figure 3.6: a) Diffuse reflectance spectra of single layer, multilayer, and wave-like nanotube 
arrays. b) Tauc plot for direct bandgap determination for the different nanotube arrays. 
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Figure 3.7: Tauc plots for indirect bandgap determination for single layer, multilayer, and wave-
like nanotube arrays. 
3.3.3 Photocatalytic Performance 
To evaluate the photocorrosion resistance of the hematite materials synthesized in this 
work, chronoamperometry experiments were performed on single layer nanotube array 
electrodes at 1.3 V vs. RHE. Since photocorrosion resistance was being tested for the hematite 
phase and the different morphologies that we synthesized were composed of hematite, it was 
sufficient to evaluate only one of the three morphologies. The two photoanodes shown in Figure 
3.8 were synthesized at a holding voltage of 30 V. Photoanode 1, shown in red, was evaluated 
before the photon flux from the lamp in the solar simulator equilibrated. A steady photocurrent 
was reached after approximately 1.5 h. Photoanode 2, shown in blue, was evaluated immediately 
after the first photoanode. As shown in Figure 3.8, the photoanodes exhibited steady 
photocurrents for at least 3 h, demonstrating their stability under photo-illumination [25]. 
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Figure 3.8: Current density of hematite nanotube arrays measured by chronoamperometry. The 
materials were photocorrosion resistant for at least 3 h. 
            As discussed above, Tauc analysis revealed that the nanotube arrays prepared in this 
work exhibited an indirect bandgap of ~1.9 eV and a direct bandgap of ~2.4 eV. While both 
bandgaps are thermodynamically sufficient to drive the water oxidation reaction (1.23 eV), 
incident photon to current efficiencies (IPCE) for the nanotube samples suggest that the indirect 
bandgap is not utilized during water oxidation (Figure 3.9). This poor utilization has been 
attributed to charge trapping associated with the lower energy electronic transition [13]. Other 
techniques, such as doping [4] and surface modification [14] could increase utilization in the 
longer wavelengths for water oxidation. However, such techniques are beyond the scope of this 
dissertation.  
The IPCE values for the water photo-oxidation reaction measured for the single layer 
nanotube arrays were consistent with previous literature reports regarding hematite [13, 26-27]. 
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At an illumination wavelength of 350 nm, the IPCE value for the wave-like nanotube arrays was 
~3 times higher than that for the single layer nanotube arrays and ~12 times higher than that of 
the multilayer nanotube arrays. The water photo-oxidation efficiency in a material is a product of 
the photon absorption efficiency, the photogenerated charge separation efficiency, and the hole 
consumption efficiency at the semiconductor-electrolyte interface [28]. The photon absorption 
efficiency depends on the semiconductor’s optical properties, while the charge separation 
efficiency depends on the recombination dynamics of the material [4]. We showed that single 
layer, multilayer, and wave-like nanotube arrays exhibited similar optical properties. This 
strongly suggests that the differences in the photocatalytic performances of three morphologies 
were due to differences in either the bulk charge transport properties of the electrodes or to the 
rate of hole consumption at the semiconductor-electrolyte interface. Following the work of 
Warren et al. [28], we distinguished the effects of bulk and surface charge recombination in the 
different morphologies by performing linear sweep voltammetry and electrochemical impedance 
spectroscopy as further discussed below.  
The differences in the IPCE values at low wavelengths were a result of differences in the 
nanostructures, with factors such as accessible electrochemical surface area and the presence of 
layer interfaces playing a central role. The electrochemical surface areas for the single layer and 
multilayer nanotube arrays were similar (see Table 3.1), while that for the wave-like nanotube 
arrays was approximately 1.8 times that for the single layer nanotube arrays. The IPCE values 
and LSV results (Figure 3.10) exhibited a similar trend with regard to the electrochemical 
surface areas for the single layer and wave-like nanotube arrays, as would be expected. Based on 
the similarities in the surface areas of the single layer and multilayer nanotube arrays, we ruled 
out surface area differences between the two morphologies as the cause of the observed 
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photocatalytic performances. The major structural difference between single layer and multilayer 
nanotube arrays was the presence of layer interfaces in the multilayer morphology. This led us to 
hypothesize that differences in the photocatalytic performance between these morphologies were 
a result of the layer interfaces. The effect of the interface layers on the water photo-oxidation 
efficiency was investigated using electrochemical impedance spectroscopy as described below. 
 
Figure 3.9: IPCE for the water photo-oxidation reaction for single layer, multilayer, and wave-
like nanotube arrays at 0.4 V vs. Hg/HgO in 1M KOH. 
The photocurrent response to applied anodic potentials for the three morphologies was 
investigated under chopped light using linear sweep voltammetry, as shown in Figure 3.10. 
Significant performance enhancements in the wave-like nanotube arrays over the single layer and 
multilayer nanotube arrays were observed at potentials greater than 0.91 V vs. RHE.  For all 
three morphologies, similar photocurrent onset potentials (around 0.4 V vs. RHE) were observed, 
owing to the similarity in their direct bandgap values.  
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Figure 3.10: LSVs for single layer, multilayer, and wave-like nanotube arrays in 1M KOH. 
Chopped light linear sweep voltammetry revealed large transients at low overpotentials 
for all morphologies, evident in Figure 3.10. Comparison of chopped light LSVs between an 
electrolyte with and without a hole scavenger allows one to understand the extent of surface 
recombination. In this work, we employed hydrogen peroxide as the hole scavenger due to its 
higher rate constants for oxidation as compared to water. 
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Figure 3.11: LSVs in 1 M KOH + 0.5 M H2O2 hole scavenger. Results for a) single layer, b) 
multilayer, and c) wave-like nanotube arrays. 
Figure 3.11 above illustrates chopped light LSVs for the three morphologies. For all of 
the morphologies, the measurements performed without hydrogen peroxide in the electrolyte 
show transient photocurrents with no steady Faradaic currents observed until high overpotentials 
were applied. The positive photocurrent that occurs at low potentials upon turning the light on 
corresponds to holes accumulating at the electrode/electrolyte interface, without injection into 
the electrolyte. Upon turning the light off, negative photocurrents are also observed, indicating 
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that the back reaction of photogenerated electrons to the conduction band occurs with the 
accumulated holes. The photocurrent transient decreases with increasing overpotential, 
indicating that the injection barrier does not hinder hole transfer to the electrolyte. This response 
indicates that surface recombination is suppressed and that the photocurrent is dominated by hole 
transfer from the bulk. When hydrogen peroxide was added to the electrolyte, the photocurrent 
transients were suppressed at all potentials, suggesting a complete injection of all photogenerated 
holes reaching the semiconductor-electrolyte interface into the electrolyte and the suppression of 
recombination between photogenerated electrons and photo-oxidized species at the 
semiconductor-electrolyte interface [28]. Similarities in the trends for the measured 
photocurrents for single layer, multilayer, and wave-like nanotube arrays, both with and without 
the hole scavenger, suggest that the reason for the differences in the photocatalytic performances 
across the three morphologies is unlikely to be recombination at the semiconductor-electrolyte 
interface. And because the optical properties were similar for all the morphologies we studied, 
we concluded that the reason for variations in the water photo-oxidation efficiency between 
single layer and multilayer nanotube arrays was the bulk charge transfer properties. Further 
studies to understand the motion of photogenerated charges in the different hematite 
nanostructures are discussed below. 
We performed electrochemical impedance spectroscopy (EIS) in the dark and under 
illumination in order to correlate the charge transfer properties of the three nanotube 
morphologies to the photoelectrochemical performance. Nyquist plots for single layer, 
multilayer, and wave-like nanotube arrays (shown in Figure 3.12) reveal large charge transfer 
resistances under dark conditions for all three morphologies. However, upon illumination, all 
three morphologies showed significantly reduced charge transfer resistances. We attributed the 
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reduction in charge transfer resistance in the hematite electrodes to photogenerated charge 
carriers at the semiconductor-electrolyte interface [27, 29]. Typically, larger 
semiconductor/electrolyte interfacial areas correlate directly with improved hole transport to the 
interface [27]. Under illumination, single layer, multilayer, and wave-like nanotube arrays had 
calculated charge transfer resistances of approximately 3,390, 10,900, and 1,920 Ω, respectively. 
Charge transfer resistances were estimated by electrochemical circuit fitting of the low frequency 
semi-circle, which represents the semiconductor-electrolyte interface, to a constant phase 
element in parallel with a resistor (Figure 3.12d) [27, 30]. The smaller semicircle in the Nyquist 
plots represents the contact resistance between the nanotube arrays and the iron substrates [31]. 
This resistance was between 500 and 700 Ω for the single layer, multilayer, and wave-like 
nanotube arrays, suggesting that the nanotube arrays were attached to the substrate in a similar 
manner. This was expected as all three nanotube array morphologies were synthesized using the 
electrochemical anodization technique. 
As discussed, the surface recombination (from LSV) and optical (and therefore charge 
separation) properties across the three nanotube array morphologies were similar. This strongly 
suggests that the higher charge transfer resistance exhibited by the multilayer nanotube arrays 
under illumination is a result of poor transport of holes to the semiconductor-electrolyte interface 
due to low charge mobility across layer interfaces. Detailed views of the layer interfaces shown 
in Figure 2.16 reveal the presence of a discontinuity between adjacent nanotube layers. These 
discontinuities likely impeded the efficient motion of charges between layers, resulting in high 
recombination rates and low yields of holes reaching the semiconductor-electrolyte interface as 
evidenced by the high charge transfer resistance observed in the multilayer nanotube arrays. 
Indeed, Sargent et al. demonstrated the role of interfaces in limiting the performance of TiO2-
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PbS photovoltaic cells. They observed a two-fold increase in the recombination rates at the TiO2-
PbS interfaces layer interfaces, indicating the deleterious effects of the layer interfaces to cell 
performance [32]. In the single layer and wave-like nanotube arrays, we attributed the difference 
in the charge transfer resistances partly to differences in the surface areas of the two 
morphologies. It is likely that photogenerated charge carrier densities vary across morphologies 
based on the packing density of hematite. 
 
Figure 3.12: Nyquist plots for a) single layer, b) multilayer, and c) wave-like nanotube arrays in 
1M KOH under dark and illumination conditions. The equivalent electrochemical circuit for 
estimating the charge transfer resistances (RCT) from EIS is shown in d). The constant phase 
element (CPE) is connected in parallel with RCT. Rsol represents the solution resistance. 
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Mott-Schottky analysis is typically used to quantify charge carrier densities in 
semiconductor materials. Even though the method is only strictly valid for planar electrodes, 
several researchers have used it for non-planar electrodes, while pointing out the possible pitfalls 
of such analysis [14].  Applying the analysis here failed to yield meaningful values of charge 
carrier density and flat band potential for the multilayer and wave-like electrodes, likely due to 
complications such as extra roughness in wave-like nanotube arrays and the multilayer interfaces 
[17, 18]. This made it difficult to compare charge carrier density across the morphologies. Figure 
3.13 shows a Mott-Schottky plot for single layer nanotube arrays under dark and illumination 
conditions. The flat band potential for single layer nanotubes was estimated at ~0.5 V vs. RHE, 
consistent with literature reports on hematite [33]. This estimate also corroborates the onset 
potential observed using LSV (Figure 3.10). Charge carrier densities of 3.4 x 1018 /cm3 and 5.8 x 
1018 /cm3 under dark and illumination conditions, respectively, were determined from Mott-
Schottky analysis, showing a slight increase in the number density of charge due to charge 
photogeneration under illumination. The increase was surprisingly small, and this might be due 
to artifacts resulting from applying the Mott-Schottky analysis to nanostructured samples. For 
instance, Wang et al. previously applied this type of analysis to nanonet-based hematite 
nanostructures and reported failing to obtain meaningful results due to the non-planar nature of 
the semiconductor-electrolyte interfaces [14].  
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Figure 3.13: Mott-Schottky plot for single layer nanotube arrays under dark and illumination 
conditions. A flat band potential of ~0.5 V vs. RHE was determined. 
Combining the electrochemical surface area, photocurrent density, IPCE, and impedance 
results, we concluded that the relatively lower photocurrents observed for the multilayer 
morphology were a result of poor charge mobility across layer interfaces, while differences in 
the performance between single layer and wave-like nanotube arrays were partly a result of 
differences in the active electrochemical surface area. 
3.3.4 Variation of Photocatalytic Performance with Nanotube Diameter 
For single layer nanotube arrays, a reduction in diameter caused an increase in the 
measured photocurrent, as shown in Figure 3.14. We hypothesized that reducing nanotube 
diameter enabled an increase in the nanotube packing density, allowing for an increase in the 
electrochemical surface area. However, only small changes in the measured electrochemical 
surface areas were observed, suggesting that differences in the photocatalytic performance might 
have been due to an increased photogenerated charge carrier density as a result of an increase in 
 84 
 
the photoactive mass for nanotube arrays with smaller diameters. Charge carrier 
photogeneration, as determined by Mott-Schottky analysis, yielded similar results for nanotube 
arrays of different diameters. However, this experimental technique was developed for smooth, 
planar electrodes and can give unreliable data for complex nanostructures such as nanotubes [14, 
18]. This made a complete understanding of the effect of varying the diameter of the nanotube 
arrays on the performance difficult. 
 
Figure 3.14: LSV showing variations in photocatalytic performance with nanotube diameter. 
3.3.5 Variation of Photocatalytic Performance with Number of Nanotube Layers 
Results from LSV (Figure 3.15) revealed that within the multilayer nanotube 
morphology, an increase in the number of layers resulted in a corresponding increase in the 
photocatalytic performance up to five layers, likely due to an increase in the photogenerated 
charge carrier density as a result of scattering effects at layer interfaces. Beyond five layers, a 
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reduction in the photocatalytic performance was observed, likely due to increased recombination 
rates at layer interfaces. However, due to the poor photocatalytic performance of multilayer 
nanotube arrays when compared to single layer and wave-like nanotube arrays, as well as 
difficulties in obtaining meaning data for charge carrier photogeneration, no further detailed 
experiments were carried out to ascertain the reasons for the observed trends. 
 
Figure 3.15: LSVs for nanotube arrays composed of three, five, and seven layers. Increased 
photocatalytic performance was achieved up to five layers. 
3.3.6 Effect of Iron-Foil Purity on Nanotube Morphology and Photocatalytic Performance 
Schmuki et al. recently reported that iron foil purity has a significant effect on nanotube 
array growth as well as the photocatalytic performance of the resulting nanotubes [29]. They 
observed a nine-fold increase in the measured photocurrent, from 0.028 to 0.25 mA/cm2 at 1.4 V 
vs. RHE for hematite nanotubes synthesized from 99.5% pure iron foils compared to those 
synthesized from 99.99% pure foils. They also noted a reduction in the nanotube growth rate for 
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the lower purity foil, which they attributed to the high content of manganese (5000 ppm) in these 
foils. They concluded that the high manganese content led to the selective dissolution of 
manganese in the oxide layers of the materials, causing the dissolution of nanotube walls and 
poor nanotube wall structure definition. High purity iron foils (99.99%) contained only 2.7 ppm 
manganese, leading to nanotubes with well-defined walls and higher photocatalytic activity.   
 Contrary to Schmuki’s findings, our study with hematite nanotubes, under the synthesis 
conditions used, revealed no observable effects of iron foil purity on the nanotube morphology. 
Similar growth conditions for 99.5% and 99.99% pure iron foils resulted in similar nanotube 
lengths and thicknesses, as highlighted in Table 3.2 for single layer nanotubes grown at a holding 
voltage of 40 V for 10 min. This discrepancy in results might be explained by the fact that 
Schmuki et al. used a concentration of 0.14 M ammonium fluoride and a temperature of 60 °C 
[29] for their anodization electrolyte, as compared to 0.1 M ammonium fluoride at 23 °C in our 
case. We attempted to replicate Schmuki’s synthesis condition of 60 °C, but this resulted in the 
dissolution of the nanotube arrays. 
Table 3.2: Effect of iron foil purity on single layer nanotube growth. Only small changes 
resulted from the changes in foil purity, contrary to the findings of Schmuki et al. [29]. 
Foil Purity (%) Thickness (μm) Outer Diameter (nm) 
99.5 3.5 60 
99.99 3.1 62 
 
However, foil purity played a significant role in our study with regards to photocatalytic 
performance. Figure 3.16 shows IPCE measurements for single layer, multilayer, and wave-like 
nanotube arrays made from 99.5% pure iron foils. Due to the presence of magnetite in the 
nanotube samples, there was an absorption tail in the absorption of the samples, leading to a low 
residual photocatalytic activity beyond 590 nm. The electrochemical surface areas for the single 
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layer, multilayer, and wave-like nanotube samples are shown in Table 3.3 and were comparable 
to those for nanotubes synthesized from higher purity foils. As seen with nanotubes synthesized 
from higher purity foils, surface area played a significant role in improving the photocatalytic 
performance of wave-like nanotube arrays as compared to single layer nanotube arrays. 
Moreover, as with the case of nanotube arrays fabricated from higher purity foils, multilayer 
nanotube arrays exhibited the lowest photocatalytic performance. For all cases, nanotube array 
samples made from lower purity foils exhibited photoconversion efficiencies that were an order 
of magnitude lower than those for samples made from higher purity foils. Due to this trend in 
performance across morphologies for nanotube arrays synthesized from high and low purity 
foils, we conclude that low foil purity is detrimental to photocatalytic performance, in agreement 
with Schmuki’s findings.  
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Figure 3.16: IPCE for single layer, multilayer, and wave-like nanotube arrays (synthesized from 
99.5% pure iron foils) at 0.4 V vs. Hg/HgO in 1M KOH. 
Table 3.3: Properties of the single layer, multilayer, and wave-like nanotube arrays synthesized 
with 99.5% pure iron foil. 
 
Percent Hematite 
Electrochemical Surface Area 
(cm2) 
IPCE at λ=380nm 
(%) 
Single layer 39.3 9.8 0.45 
Multilayer 34.1 6.1 0.23 
Wave-like 36.7 19 1.24 
 
3.4 Summary and Conclusions 
Single layer, multilayer, and wave-like hematite nanotube arrays were synthesized, and 
their optical and photoelectrochemical properties for water oxidation were determined. Optical 
properties were found to be similar across the single layer, multilayer, and wave-like nanotube 
array morphologies. The nanotube morphologies played critical roles in the 
 89 
 
photoelectrochemical performance. Among the morphologies studied in this work, the wave-like 
nanotube morphology exhibited the highest photoconversion efficiency (IPCE), partly due to 
increased electrochemical surface area. Applying Mott-Schottky analysis failed to yield 
meaningful data to compare charge carrier densities and flat band potentials for the single layer, 
multilayer, and wave-like nanotube arrays, likely due to complications such as extra roughness in 
wave-like nanotube arrays, and the multilayer interfaces [18]. The multilayer nanotube arrays 
exhibited the lowest IPCE, due to reduced charge mobility across layer interfaces. In addition, 
the effect of the iron foil purity on the performance of the hematite nanotube arrays was studied. 
Nanotube arrays synthesized from higher purity foils exhibited a significantly higher (one order 
of magnitude) photocatalytic performance. It was found that manganese impurities were 
detrimental to the photocatalytic performance [29]. Control of the morphology of the various 
nanostructures and developing structure-function relations could allow the engineering of 
nanoscale devices with superior performance. 
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Chapter 4      
Electrochemical Storage through Li+ Ion Intercalation in Nb2O5 
4.1 Introduction
In Chapter Two, we demonstrated a remarkable level of control over the synthesis of 
various iron oxide nanostructures. Synthesis was carried out via the electrochemical anodization 
of iron foils in electrolytic solutions containing ammonium fluoride. In this chapter, we apply the 
experience gained in the synthesis of iron oxide nanotube arrays described in Chapter Two to 
develop nanostructured architectures based on niobium for applications in electrochemical 
energy storage. 
Nanostructure control presents new opportunities for designing high performance 
secondary Li+ ion storage materials. The enhanced electrochemical performance exhibited by 
nanostructured materials over their bulk analogues has been attributed to more efficient charge 
transport kinetics (due to shortened ion diffusion path lengths and one-dimensional electron 
transport at the nanoscale) [1-2]. The phrase ‘one-dimensional’ is being applied to the transport 
of electrons through the nanostructure (for instance, through nanotubes) unless otherwise stated. 
Cao et al. explored the use of V2O5 electrodes, including planar, nanorod, nanocable, and 
nanotube morphologies, for applications in electrochemical energy storage. They found the 
electrochemical behavior of V2O5 to be a strong function of the morphology, with the planar 
electrodes showing the poorest specific energies and powers due to poor ion transport properties 
[3]. While much progress has been made towards the development of nanostructured secondary 
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storage materials, many fundamental questions towards developing an understanding of how the 
properties of nanoscale storage materials differ from those of bulk materials and how such an 
understanding could be applied to optimize electrochemical performance still remain 
unanswered. For instance, there is debate in the scientific community over why the 
electrochemical changes observed from bulk to nanostructured LiFePO4, a material that allows 
one-dimensional Li+ ion diffusion, is fundamentally different from those in nanostructured 
materials that allow transport in two or three dimensions such as LiCoO2 and Li2MnSiO4 [4-5]. 
Moreover, it has long been believed that improvements in the electrochemical performance of 
LiFePO4 at the nanoscale were a result of an increased accessibility of the low-energy (010) 
crystallographic planes that favor Li+ ion diffusion [6-7]. However, new evidence has recently 
surfaced indicating that amorphous nano-LiFePO4 electrodes exhibit excellent Li+ ion 
intercalation kinetics and rate capabilities [8-10], contradicting the former belief. Therefore, 
further investigations are needed to gain a full understanding of the effects of nanostructuring in 
electrochemical energy storage materials. 
Traditional battery applications include portable electronics such as cell phones, laptops, 
and camcorders [11]. Over the last several years, new applications that demand high power and 
energy densities, such as hybrid electric vehicles, have emerged. This has brought about the need 
to identify materials that exhibit both high charge storage capacities and high rate capabilities. 
Niobium pentoxide (Nb2O5) has been identified as a potential candidate for a battery material 
satisfying both performance criteria [11-12]. Several polymorphs of Nb2O5 are currently known 
to exist. Among these, the orthorhombic phase (T-) has been demonstrated to exhibit the lowest 
Li+ ion intercalation energy and the highest capacity [12]. Moreover, high rate capabilities were 
demonstrated in both thin (< 100 nm) and thick (~40 μm) film T-Nb2O5 electrodes, with high 
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capacities of ~130 mAh/g at a discharge rate of 10C and only a small drop to ~110 mAh/g at 
100C when mixed with carbon black [12]. (The discharge rate represents the total time it takes to 
fully discharge the electrode; for instance, a rate of nC indicates that it takes 1/n hours to fully 
discharge the electrode.) These charge capacities are typical of battery materials, and the power 
densities are close to those of supercapacitors, making T-Nb2O5 an attractive material for high-
energy and high-power applications.  
Dunn et al. demonstrated two-dimensional Li+ ion intercalation in T-Nb2O5 through (180) 
planes [12]. These planes represent the lowest energy barrier planes in the crystal and are 
therefore most favorable for the high rate intercalation of Li+ ions [5]. Figure 4.1 shows a 
schematic representation of the T-Nb2O5 unit cell, with the parallel planes showing the (180) 
planes. 
 
Figure 4.1: The unit cell of T-Nb2O5 showing the arrangement of oxygen (red) and niobium 
(blue) ions in the crystal. Li+ intercalation proceeds via the low-energy (180) planes. 
Nanostructured T-Nb2O5 geometries such as nanotube arrays hold the promise of higher 
electrochemical surface areas and therefore higher exposure of low energy intercalation planes, 
resulting in increased ion intercalation rates and enhanced capacities. Nanotube arrays are one-
dimensional, forcing electron transport to proceed in one-dimension. Ion transport distances are 
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also reduced, meaning higher rates of charge insertion and extraction from the electrodes [1, 13]. 
Low-dimensional structures have also been reported to better withstand stress accumulation from 
volume changes due to ion intercalation in lithium ion batteries, giving them longer cycle life 
[13, 14]. 
In this chapter, we sought to understand the effect of nanostructure on the Li+ ion 
intercalation behavior of T-Nb2O5, and investigate the feasibility of its application in high-rate 
secondary charge storage devices. Nb2O5 electrodes were synthesized via the electrochemical 
anodization of niobium foils in an electrolytic solution containing ammonium fluoride. By 
varying the synthesis conditions, electrodes with nanotube array and planar morphologies were 
achieved (Figure 4.2). We identified key nanostructural properties of the T-Nb2O5 electrodes and 
correlated them to various electrochemical performance metrics. Materials properties that were 
investigated included the crystallographic phase, electrochemical surface area, and diffusion 
distance. Electrochemical performance metrics included the Li+ ion intercalation kinetics, rate 
capability, and total Li+ capacity. 
 
Figure 4.2: Morphologies of Nb2O5 synthesized and studied in this chapter. a) Planar electrodes 
result in tortuous electron transport pathways as opposed to one-dimensional electron pathways 
in b) nanotube array electrodes. Nanotubes also significantly shorten ion diffusion pathways. 
a) b) 
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4.2 Experimental Method 
4.2.1 Materials 
Niobium foil substrates (99.99%, 0.25 mm thick) were purchased from Alfa Aesar. 
Chemicals for production of the anodization electrolytes, ammonium fluoride (98.5%) and 
glycerol (laboratory grade, < 0.2 wt% water) were purchased from Fisher Chemical. Ultrapure 
water (resistance 18.2 MΩ) was obtained from a Millipore Milli-Q water purification system. 
Chemicals for production of electrolytes for electrochemical performance evaluation, bis-
trifluoromethane sulfonamide lithium salt (LiTFSI), lithium foils, and propylene carbonate (PC) 
were purchased from Sigma-Aldrich. 
4.2.2 Nanotube Array and Planar Electrode Synthesis 
The Nb2O5 electrodes were synthesized via electrochemical anodization. A two-electrode 
cell was constructed using a niobium foil substrate (0.25 mm, 1.70 cm2) as the anode and a 
platinum foil (2.50 cm2) as the cathode. The electrodes were set 2 cm apart and an Agilent 3674 
power supply was used to apply a voltage across the electrochemical cell. A customized 
MATLAB software routine was used to control the power supply, apply the voltage across the 
cell, and record the corresponding current response during the anodization experiment. To check 
whether there were no significant voltage drops across the internal resistances of the power 
supply and that of the anodization cell, we measured the voltage across the electrochemical 
anodization setup. Measured voltage profiles matched the input voltage profiles, indicating that 
the voltage drops across the internal resistances of the cell and the power supply were negligible. 
The voltages presented in this dissertation were the measured voltages. All experiments were 
carried out at room temperature and pressure. The electrochemical anodization cell for the 
synthesis of the Nb2O5 electrodes is shown in Figure 2.2 of Chapter Two of this dissertation. 
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Electrolytic solutions composed of 0.2 and 0.6 M ammonium fluoride in glycerol were 
used to synthesize the planar and nanotube array electrodes, respectively. A higher fluoride 
concentration was used for the synthesis of nanotubes to aid in the oxide dissolution process and 
increase the rate of nanotube array formation [15]. During the synthesis of nanotube arrays, the 
voltage was increased from 0 to a holding voltage of 30 V at a rate of 5 V/s. The holding voltage 
was then maintained for 2 h. A typical voltage input and current response for Nb2O5 nanotube 
array synthesis is shown in Figure 4.3. The synthesis of planar electrodes was carried out at 20 V 
for 0.5 h. The conditions used for planar electrode synthesis were not sufficient for the chemical 
dissolution of the Nb2O5 films. The various stages of planar and nanotube array formation were 
discussed in Chapter Two of this dissertation. After anodization, the planar and nanotube array 
electrode samples were rinsed with ethanol to remove electrolyte remnants from the surface of 
the film. The samples were then dried in a vacuum oven at 80 °C for 30 minutes. 
  
Figure 4.3: a) Measured voltage input and b) current response for planar and nanotube array 
Nb2O5 synthesis. Planar electrodes were synthesized at 20 V in an electrolyte with a 0.2 M F- ion 
concentration. Conditions for planar electrode synthesis were not sufficient for the chemical 
dissolution of the Nb2O5 film. Nanotube array electrodes were synthesized at 30 V in an 
electrolyte with a 0.3 M F- ion concentration. 
a) b) 
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4.2.3  Characterization of Bulk and Surface 
Bulk characterization of the materials was performed using X-ray diffraction (XRD), as 
detailed in the experimental section of Chapter Two. Ex-situ XRD was used to investigate the 
structural changes of the electrodes during electrochemical cycling, including the volume 
changes. 
The nanotube array and planar electrode surface and cross-sectional morphologies were 
imaged using a FEI Nova 200 Nanolab field emission scanning electron microscope (SEM). The 
SEM micrographs were used to determine the dimensions of the nanotube arrays and the planar 
electrodes. 
4.2.4 Electrochemical Characterization 
Cyclic Voltammetry (CV) was performed to investigate the electrochemical behavior of 
the Nb2O5 electrodes. CV was carried out in an El-cell with an Nb2O5 working electrode, a Li 
metal foil counter and reference, a 1.55 mm thick glass fiber separator, and a 0.5 M LiTFSI/PC 
electrolyte. CV was performed between 0.1 and 3.4 V vs. Li/Li+ using a PGSTAT302N Autolab 
potentiostat. Measured currents were normalized by the mass of the electroactive material, 
Nb2O5. The measurement of peak currents in CV is imprecise because of uncertainties in the 
correction for polarization currents. Consequently, the CV technique is not ideal for the 
quantitative determination of system properties that are derived from peak heights, such as the 
rate constant of a reaction. Therefore, the technique is typically used alongside other methods 
that are better suited for the quantitative evaluation of electrochemical behavior, such as 
charge/discharge and electrochemical impedance measurements [16]. The CV technique is 
usually ideal for solution-based systems but has been extensively applied to probe the 
electrochemical behavior of thin-film and nanostructured intercalation electrodes as well [17]. 
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The method has been widely demonstrated to be reliable for the qualitative evaluation of 
electrodes of thickness ranging from a few microns to as much as 20 µm thick [12, 18]. 
Moreover, CV is useful for a qualitative interpretation of trends in the electrochemical behavior 
of electrodes of the same thickness and chemical compositions but different morphologies [3]. 
Electrodes synthesized in this work were ≤ 1.5 µm thick, allowing CV to be a powerful tool for 
studying the intercalation dynamics in the Nb2O5 electrodes. Cell assembly and CV 
measurements were carried out in an argon-filled glovebox with oxygen and water levels ≤ 1 
ppm. 
Charge/Discharge (C/D) experiments to investigate the rate performances of the 
electrodes were carried out using the same electrode set-up as CV experiments, using a Maccor 
Series 4000 battery tester. All experiments were conducted at constant current (galvanostatic) 
unless otherwise explicitly stated. Inductively Coupled Plasma (ICP) spectroscopy measurements 
to determine the total capacity of the discharged materials were done at Galbraith Laboratories, 
Inc. 
Electrochemical Impedance Spectroscopy (EIS) was utilized to measure the charge 
transfer kinetics of the Nb2O5 electrodes, and was performed in the frequency range from 100 
kHz to 0.1 Hz at various potentials ranging from 0.1 to 3.4 V vs. Li/Li+ and a voltage signal with 
an amplitude of 10 mV. 
4.3 Results and Discussion
4.3.1 Nanotube Array and Planar Electrode Synthesis 
Varying the conditions during electrochemical anodization enabled the synthesis of 
nanotube array and planar electrode morphologies with controlled dimensions. Representative 
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SEM images of the surface and cross-sectional morphologies for the electrodes are shown in 
Figure 4.4. The film thicknesses of the planar and nanotube array morphologies were ~1 µm. The 
nanotube arrays had approximately circular cross-sections and a nanotube wall thickness of ~17 
nm. The effect of electrode dimensions on the electrochemical performance is discussed below. 
 
Figure 4.4: Representative SEM images of a) Nb2O5 nanotube arrays and b), planar electrodes. 
4.3.2 Bulk Characterization 
XRD patterns for the as-synthesized and calcined nanotube-array Nb2O5 electrode 
samples are shown in Figure 4.5. Planar electrodes had similar XRD patterns to those of 
nanotube arrays and are not shown here. As shown in the figure, the only peaks appearing in the 
as-anodized samples were those of the niobium metal substrate, indicating that the as-anodized 
electrodes were amorphous. The as-synthesized electrodes required calcination in air at 750 °C to 
crystallize into the orthorhombic phase (JCPDS index: 30-0873) [19]. Crystallite sizes for the 
nanotube array and planar electrodes determined by the Scherrer equation were 24 and 36 nm, 
respectively. The crystallite sizes played a crucial role in the total charge capacity of the planar 
and nanotube array electrodes, as further discussed below. 
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Figure 4.5: Representative XRD patterns for amorphous and orthorhombic Nb2O5 nanotube 
arrays. Nanotube array and planar electrodes have similar XRD patterns.  
4.3.3 Electrochemical Characterization 
Dunn et al. demonstrated that Li+ ion charge storage in T-Nb2O5 proceeds via the 
insertion of Li+ ions into the low diffusion energy (180) planes. The intercalation of Li+ ions is 
associated with the simultaneous reduction of Nb5+ to Nb4+ [12]. The thermodynamics of the T-
Nb2O5 system are governed by a single-well energy potential, resulting in the single-phase solid 
solution diffusion of Li+ ions during intercalation and de-intercalation, as represented in 
Equation 4.1 [12, 20]: 
Nb2O5 + xLi+ + xe- → LixNb2O5                      (Equation 4.1) 
Here, x represents the state of discharge, ranging from 0 to 2, for a theoretical capacity of ~200 
mAh/g [21]. 
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4.3.3.1 Effect of Crystallinity on Charge Storage 
The electrochemical behaviors of amorphous and T-Nb2O5 nanotube array electrodes 
were investigated using CV. Figure 4.6 shows the CV response for amorphous and crystalline 
samples of the nanotube arrays of the same dimensions (~1 µm thick) and geometrical surface 
areas (1 cm2) at 2 mV/s. For the amorphous electrode sample, very negligible electrochemical 
activity was observed as compared to the crystalline electrode sample. Clearly defined oxidation 
and reduction peaks were observed at 2.1 and 1.5 V, respectively, for the crystalline electrode. 
The large voltage peak separation between the redox potentials is characteristic of battery 
materials and is a result of slow Li+ ion diffusivity (~ 10-10 cm2/s) in the T-Nb2O5 crystal [12, 
21]. 
The differences in the CV responses of the amorphous and crystalline phases suggests 
that charge storage in Nb2O5 only occurs in significant amounts when the material has long-
range ordering, as in the case of the crystalline phase. The amorphous phase lacks long-range 
ordering, and only minimal Li+ ion intercalation occurs. Also, because the amorphous phase 
shows negligible electrochemical activity, we concluded that surface storage was not the main 
charge storage mechanism in T-Nb2O5, but it was bulk intercalation storage instead. This result 
corroborates previous findings by Dunn [12] and Koshiba [11]. The Li+ intercalation reaction 
was associated with a change in the coloration of the crystalline electrode from an off-white to a 
navy-blue coloration. The color did not completely return to white at the end of the de-
intercalation reaction, indicating that some Li+ ions could not be fully extracted from the 
electrode. The blue coloration observed was due to the electrochromic properties of crystalline 
Nb2O5 [22]. It was also interesting to note that the amorphous electrode did not undergo the color 
transition, a result of the minimal intercalation of Li+ ions into the material as mentioned above. 
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Figure 4.6: Cyclic voltammograms (at 2 mV/s) for amorphous and crystalline electrodes. 
Amorphous electrodes exhibited negligible electrochemical activity in comparison to crystalline 
electrodes. 
4.3.3.2 Structural Changes in T-Nb2O5 during Electrochemical Cycling 
First principles computational studies by Ceder et al. indicated that the strongest barrier 
to ion intercalation in battery materials is the electrostatic repulsion between the intercalating 
ions and the metal cations within the crystal lattice [5]. They showed that the activation barrier 
for Li+ ion migration increased dramatically, by as much as 200%, for only a 4% reduction in the 
inter-planar spacing of a material. Therefore, crystallographic planes with the largest lattice 
spacings offer the least resistance to the diffusion of Li+ ions in the crystal. For our electrode 
samples, the highest lattice spacing was for the (180) planes. As such, it was expected that 
intercalation would occur in the (180) planes. 
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Ex-situ XRD patterns for unlithiated T-Nb2O5, lithiated planar, and lithiated nanotube 
array materials are shown in Figure 4.7. The XRD patterns showed that Li+ ion intercalation 
occurs in the (180) planes, as previously demonstrated by Koshiba and co-workers [11]. The 
nanotube array electrode was discharged to 0.1 V at a rate of 0.067C. As determined by the 
JADE software, the a, b, and c lattice constants of the nanotube array T-Nb2O5 increased from 
6.31, 29.3, and 3.93 Å to 6.35, 29.4, and 3.94 Å, respectively, after lithiation. This represented a 
volume change of 1.2% and is typical for many intercalation materials [23]. The (180) peak 
shifted from 2.98 to 3.13 Å, indicating a 5.3% increase in the (180) inter-planar spacing (Figure 
4.7). Meanwhile, only insignificant shifts occurred in the other planes such as the (200) planes. 
This demonstrated that the high-rate intercalation of Li+ ions during discharge 
thermodynamically favored the (180) planes. We also observed a significant decrease in the peak 
intensities of the discharged materials. Similar findings were previously reported by Koshiba and 
co-workers in their studies on mesoporous T-Nb2O5 electrodes [11]. Koshiba et al. attributed the 
decrease in the XRD peak intensities to a reduction in the crystallite size caused by an increase in 
the stress within the crystal lattice due to the intercalation of Li+ ions into the Nb2O5 [11]. An 
interesting finding in this study that had not been reported in the literature was that when the 
same discharging conditions were applied to a planar electrode, the (180) plane remained un-
shifted, but had a lower intensity, as shown in Figure 4.7. Additionally, an extra peak also 
appeared at lower angles, representing an increase in the (180) inter-planar spacing due to the 
intercalation of Li+ ions. Some of the (180) planes remained un-shifted because of the 
incomplete lithiation of the electrode. As mentioned earlier, nanotube array and planar electrodes 
had crystallite sizes of 24 (18 nm after discharge) and 36 nm, respectively, indicating that the 
materials were polycrystalline. Therefore, in planar electrodes, we hypothesized that 
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polycrystallinity resulted in the misalignment of (180) planes of adjacent crystallites, preventing 
the full lithiation of the material and resulting in the appearance of a lower intensity (180) peak 
as well as the extra peak at lower angles. As shown later, this also caused a loss of specific 
capacity in the planar electrodes. However, in the case of nanotube array electrodes, the thin 
nanotube wall thicknesses of ~ 17 nm resulted in the full lithiation of the material, causing a 
complete shift in the (180) plane. 
 
Figure 4.7: XRD patterns for T-Nb2O5 at states of full charge (x = 0) and full discharge (x ≈ 2). 
The intercalation of Li+ ions occurs in the (180) planes with a low-diffusion barrier. 
4.3.3.3 Effect of Electrode Morphology on Charge Storage 
To gain a qualitative understanding of the effect of the electrode morphology on the 
charge storage kinetics of the T-Nb2O5, CV was carried out for each morphology at various scan 
rates from 0.5 to 500 mV/s. Nanotube array and planar electrodes of the same geometrical 
surface area (1 cm2) were used. As seen in Figure 4.8, the nanotube array electrodes exhibited 
significantly higher specific currents than the planar electrodes, especially at higher scan rates. 
Lithiated Nanotube Nb2O5 
Lithiated Planar Nb2O5 
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The excellent kinetic response of the T-Nb2O5 nanotube array electrodes, even in the absence of 
electron conductive additives, strongly suggests that this morphology allowed for faster Li+ ion 
transport than the planar morphology. The absence of electron conductive additives in T-Nb2O5 
was previously shown to be detrimental to lithiation by Koshiba et al., and they attributed the 
poor intercalation behavior to the poor conductivity of T-Nb2O5 [11]. The active electrochemical 
areas of the nanotube array and planar electrodes were measured as 1 ± 0.1 and 9.9 ± 1 cm2/cm2, 
respectively. Electrochemical surface areas were measured using CV measurements in a small 
cycling window where no redox activity occurs (3.4 – 3.45 V in the case of T-Nb2O5). The 
method is described in section 3.3.1 of this dissertation. Our observation that there was 
negligible surface charge storage suggests that the higher electrochemical surface area of the 
nanotube arrays allowed for an increased exposure of the low-energy (180) intercalation planes 
to the electrolyte, resulting in increased specific currents. Moreover, the thin nanotube walls 
resulted in shorter diffusion time scales and faster kinetic responses. Guo et al. also suggested 
that the nanotube array structure would allow for the one-dimensional transport of electrons, as 
opposed to the tortuous electron pathway in planar electrodes [1]. In our work, we did not 
conduct experiments to investigate the path of charge carriers during electrochemical cycling. 
One way to carry out such an investigation might be the use of single-crystal Nb2O5. By 
selectively orienting the (180) planes (where lithiation occurs) perpendicular or parallel to the 
long axis of the nanotube arrays, one could probe whether or not there is orthogonalization of Li+ 
ion and electron transport. However, fabricating single-crystals is a major challenge. The 
disparity in the electrochemical performance between the nanotube array and planar electrodes is 
also evident in the kinetic responses of the two morphologies at high scan rates. Higher cycling 
rates resulted in increased redox peak separations, especially in the planar electrodes. Larger 
 107 
 
peak separations are typically a result of higher over-potentials necessary to deliver higher 
current densities [12], which were likely more significant for the planar electrodes due to longer 
ion diffusion lengths. Large over-potentials also manifest as increased hysteresis between the 
charge and discharge profiles during cycling [12]. 
  
Figure 4.8: Cyclic voltammograms of a) planar, and b) nanotube array electrodes at varying scan 
rates shows a disparity in the kinetic response of the two morphologies. 
A slightly different perspective of the CV results is presented in Figure 4.9, which shows 
the peak oxidation (de-intercalation) currents extracted from Figure 4.8. At low scan rates (below 
25 mV/s), both morphologies show increasing peak oxidation currents with increasing scan rate. 
This is a result of the low scan rates allowing enough time for the intercalation of Li+ ions into 
the T-Nb2O5 crystal structure. However, at scan rates ≥ 50 mV/s, the scan rate outpaces the low 
diffusivity of the Li+ ions in the T-Nb2O5 crystal, resulting in smaller current increase. This 
effect is magnified in the planar electrodes due to the longer diffusion distances of the planar 
electrodes than those of the nanotube array electrodes. Hence the peak current reaches a plateau 
in the planar electrodes, an indication of mass transfer limitations in this morphology. As 
discussed earlier, the polycrystallinity of the materials also played a role as this led to the 
a) b) 
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misalignment of the (180) intercalation planes, impeding further lithiation in the planar 
electrodes. For the nanotube array electrodes, the peak current was still rising even at very high 
scan rates, showing that there were no transport limitations to the intercalation of Li+ ions for this 
morphology. We attributed this to the short Li+ ion diffusion length scale and the one-
dimensional electron transport in the nanotube arrays. 
 
Figure 4.9: Peak oxidation currents for planar and nanotube array electrodes. Planar electrodes 
show diffusion limitations at high scan rates. Nanotube array electrodes show excellent 
intercalation kinetics even at high scan rates due to small diffusion distances and one-
dimensional electron transport. 
To further investigate the effect of the electrode morphology on the electrochemical 
behavior of the T-Nb2O5, electrochemical impedance measurements of the samples at different 
states of discharge, x, in LixNb2O5, were carried out. The results are shown in Figure 4.10. 
Samples were lithiated under potentiostatic conditions at 0.1 V for 15 h to attain a state of full 
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lithiation (x ≈ 2), estimated based on the current and the voltage profile during discharge. To 
obtain a partially lithiated state, x = xpartial, the materials were first fully discharged, then 
recharged at a voltage of 1.6 V for 15 h. At all states of discharge, the nanotube array 
morphology exhibited a charge transfer resistance that was at least four times lower than that of 
the planar morphology. For example, at x ≈ 2, the nanotube array electrodes had a charge transfer 
resistance of ~45 Ω compared to the ~225 Ω exhibited by the planar electrodes. These results 
corroborated our findings from CV and were attributed to the shorter diffusion length scale and 
one dimensional electron transport in the nanotube arrays compared to that of the planar 
electrodes [1]. Note that the charge transfer resistance for both morphologies decreased 
significantly with lithiation. Previous studies by Dunn et al. showed that the electrical 
conductivity of T-Nb2O5 increased with lithiation and attributed this finding to an increase in the 
concentration of Li+ ion dopants [12]. Therefore, it may be possible that the decrease in the 
charge transfer resistance that we observed with lithiation can be explained on a similar 
argument.  
 
Figure 4.10: Electrochemical impedance measurements at various states of discharge reveal a 
four-fold reduction in the charge transfer resistance from a) planar, to b) nanotube array 
morphologies. 
a) b) 
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The rate capabilities of the nanotube array and planar electrodes were tested using 
charge/discharge (C/D) experiments. The C/D profiles for planar and nanotube arrays cycled at a 
rate of ~ C/5 are shown in Figure 4.11. Both morphologies exhibited continuous, monotonic 
variations in the voltage, indicating that a single-phase reaction was occurring during lithiation 
and de-lithiation [12, 20]. At this C/D rate, the planar electrodes showed more hysteresis than the 
nanotube array electrodes, likely due to the higher charge transfer resistance in the planar 
electrodes. Even at the lowest C/D rate (0.03C) that we characterized the nanotube array 
electrodes, a significant amount of hysteresis remained. Yushin et al. suggested that the 
hysteretic behavior observed in many intercalation systems is a result of poor electrical 
conductivities [24]. T-Nb2O5 is insulating, with an electrical conductivity of ~3x10-6 S/cm [25], 
which would explain the hysteresis observed in our electrodes. Gaberscek et al. used a many-
particle thermodynamics ensemble to understand the origin of hysteresis in intercalation 
batteries. Their calculations revealed that hysteresis in intercalation materials is not entirely of 
kinetic origins, with thermodynamics playing a role as well [26]. 
 
Figure 4.11: Charge/Discharge profiles for a) planar and b) nanotube array electrodes cycled at a 
rate of ~ C/5. Planar electrodes exhibited more hysteresis due to their higher charge transfer 
resistance. 
a) b) 
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The nanotube array morphology exhibited significantly higher specific capacities over the 
planar morphology in the medium-range discharge rates (between 0.1 and 2C), as shown in 
Figure 4.12. As discussed earlier, the enhanced rate performance of the nanotube array electrodes 
over that of planar electrodes was a result of the increased exposure of the energetically favored 
(180) diffusion planes, as well as rapid one-dimensional electron transport in the nanotubes. At 
low discharge rates of less than 0.03C, the specific capacity of the planar electrodes approached 
those of nanotube array electrodes. This was a result of low discharge rates allowing enough time 
for Li+ ions to intercalate through the T-Nb2O5, likely through grain boundaries [27]. Cycling at 
rates higher than 2C resulted in similar specific capacities for nanotube array and planar 
electrodes. Such high cycling rates do not allow sufficient time for Li+ ions to diffuse into the T-
Nb2O5. Instead, most electrochemical activity is restricted to the surface of the electrodes, 
resulting in low capacities of less than 30 mAh/g.   
As determined by ICP, the capacity of the nanotube samples discharged at the low rate of 
0.03C was 189 mAh/g, corresponding to a state of discharge of x = 1.8, which approaches the 
fully discharged state of x = 2.0. Surprisingly, even with the thin nanotube wall thickness, the 
state of discharge did not reach the theoretical value of 2.0. Dunn et al. argued that Li+ ion 
intercalation slows down at higher Li+ concentrations owing to lower availability of unoccupied 
intercalation sites and more electrostatic repulsion between Li+ and Nb5+ ions [12]. Koshiba et al. 
also suggested that it is likely that the arrangement of niobium ions in the intercalation planes 
became slightly disordered beyond a discharge state of x = 1 [11]. The disordering might suggest 
a thermodynamic resistance to further lithiation, limiting the experimental discharge state to x < 
2.0. This led us to hypothesize that the limitations to achieving the full discharge state of x = 2 in 
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T-Nb2O5 might be the availability of low-energy intercalation sites and the cationic electrostatic 
repulsion between Nb5+ and Li+ ions. 
 
Figure 4.12: Rate capabilities of planar and nanotube array electrodes. The nanotube array 
electrodes exhibited significantly higher specific capacities at discharge rates between 0.1 and 
2C. 
 
4.4 Summary and Conclusions 
This chapter investigated Nb2O5 for application in electrochemical energy storage. Nb2O5 
in two morphologies, planar and nanotube arrays, were synthesized via the electrochemical 
anodization of niobium foils in electrolytic solutions containing ammonium fluoride ions. A 
study of the electrochemical behavior of Nb2O5 revealed that crystallinity plays a crucial role in 
the intercalation of Li+ ions in Nb2O5. Amorphous Nb2O5 exhibited negligible Li+ intercalation 
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behavior compared to that of orthorhombic Nb2O5 (T-Nb2O5). Intercalation proceeded via the 
(180) planes. These planes were previously observed to present the smallest barrier to Li+ 
diffusion and therefore provided a low diffusion energy pathway for the high rate, reversible 
intercalation of Li+ ions into the T-Nb2O5 crystal [11, 12]. Furthermore, a comparative study of 
the effect of nanostructure on the electrochemical behavior of T-Nb2O5 showed a significant 
enhancement in the Li+ ion intercalation kinetics, rate capability, and total Li+ capacity in the 
nanotube array morphology over that of the planar morphology. For instance, at some discharge 
rates, it was observed that planar electrodes were only partially lithiated, as compared to full 
lithiation in nanotube array electrodes. At a discharge rate of 0.2C, the specific capacity of the 
nanotube array electrodes was more than four times higher than that of planar electrodes. Such a 
significant increase in the capacity of the nanotube array electrodes over that of planar electrodes 
was attributed to the higher electrochemical surface area of the nanotube arrays, which allowed 
increased access to the low energy (180) diffusion planes. In the case of planar electrodes, we 
hypothesized that poly-crystallinity resulted in the misalignment of the (180) planes of adjacent 
crystallites and the blockage of further lithiation that caused the reduction in the specific 
capacity. Furthermore, the reduction in the diffusion length scale of the nanotube arrays allowed 
for the observed high-rate performance. This reduction in the length scale was observed in SEM, 
as well as inferred from the fact that the charge transfer resistance of the nanotube array 
electrodes was more than four times lower than that of planar electrodes. The nanotube array 
structure also allowed for the one-dimensional electron transport, as opposed to the tortuous 
electron pathway in planar electrodes. High specific capacities of ~ 190 mAh/g were observed 
for nanotube arrays of T-Nb2O5 electrodes. The high specific capacities and high rate 
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performance was observed in the absence of carbon additives, demonstrating the promise of 
nanostructured T-Nb2O5 as a high-rate cathode for secondary electrochemical energy storage. 
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Chapter 5      
Photodeposition of Nanostructure-Controlled M/WO3 (M = Au, Ag, Pt) Catalysts for α,β–
Aldehyde Hydrogenation 
5.1 Introduction
Heterogeneous catalysts play a major role in many chemical industries [1], in pollution 
control, and in energy applications [2]. The application of noble metal nanoparticles is prevalent 
in a variety of chemical reactions that involve hydrogenation, partial/complete oxidation, and 
reduction [3]. Traditionally, the use of heterogeneous catalysts has focused on achieving high 
reaction rates [4]. However, with accelerating industrialization, several new applications have 
emerged. In complex reactions, it is important not only to achieve the desired products at 
appreciable yields, but also to avoid side reactions. 
So far, the design of heterogeneous catalysts exhibiting high selectivity towards desired 
products has been a major challenge [5]. Traditional catalyst design and synthesis methods such 
as incipient wetness impregnation typically result in materials with a wide distribution of 
geometries and sizes, resulting in low product selectivity [5-6]. The development of new 
synthesis techniques enabling the precise control over material nanostructure has become 
essential and has grown into a very active research area. 
In nanostructured heterogeneous catalysts, a unique and fascinating phenomenon emerges. 
In these materials, changes in the nanostructural features such as geometry and size can result in 
variations in the crystallographic facets of the catalyst that are in contact with the reactants. 
Typically, some facets with certain crystallographic orientations are more capable of facilitating 
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the adsorption of reactant molecules onto the catalyst surfaces than those with other orientations 
[5-6], leading to structure sensitivity in certain reactions. For instance, Li et al. reported the 
shape-dependent catalytic activity of silver metal nanoparticles in styrene oxidation [6]. Varying 
the geometry of the silver nanoparticles resulted in drastically different catalytic activities during 
the oxidation of styrene. In their study, truncated triangular silver nanoplates and spherical 
nanoparticles had predominantly (111) crystallographic planes on the surface, as opposed to 
silver nanocubes, which were dominated by (100) planes. The nanocubes exhibited a styrene 
oxidation rate that was at least 14 times higher than that of the nanoplates that was already four 
times higher than that of the spherical nanoparticles over a 3 h time period. The styrene oxidation 
rates were normalized to the surface areas of the silver catalysts that were determined from 
nitrogen adsorption experiments [6]. Li et al. also showed that the adsorption and activation of 
ethylene and oxygen were more thermodynamically favorable on the higher energy (100) planes 
[6], leading to the different observed reactivity [6]. 
As discussed in Chapter One, the use of light as a synthesis technique is a nascent but 
promising route for achieving heterogeneous catalysts with controlled nanostructure [7-9]. In this 
chapter, we sought to develop a simple photodeposition procedure using light for the synthesis of 
noble metal (M = Ag, Au, and Pt) nanoparticle catalysts, with precisely controlled geometry and 
size, supported on WO3. We chose WO3 (with a bandgap of 2.6 eV) as the support because of its 
wide absorption range in both the visible and ultraviolet portions of the electromagnetic 
spectrum, which allowed us to study the effects of different wavelengths on the photodeposition 
process. Silver and gold were selected for photodeposition because of their excellent plasmonic 
properties in the UV-vis spectrum, which facilitates photodeposition [10]. Platinum was also 
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selected for photodeposition because of the wide variety of reactions such as partial 
hydrogenation and oxidation that it can catalyze [11-12]. 
 We aimed to gain a fundamental mechanistic understanding of the effect of various 
parameters governing the nucleation and growth of the noble metals during the photodeposition 
process. We carried out systematic experimental and statistical studies on the influence of the 
light flux, photon wavelength, illumination time, and metal precursor concentration on the 
photodeposited metal nanoparticle shape, size, and metal loading. The photodeposited 
nanoparticles were evaluated for the selective hydrogenation of crotonaldehyde, a model reaction 
for unsaturated α,β-aldehyde hydrogenation. The hydrogenation reaction activities and 
selectivities were then correlated with the nanostructural properties of the noble metal particles. 
Results from this study were expected to assist the development of simple synthesis techniques 
for the design of noble metal catalysts with controlled nanostructure for other reactions of 
interest. 
5.2   Experimental Method 
5.2.1 Materials 
Precursor materials chloroplatinic acid hexahydrate (H2PtCl6), tetrachloroauric acid 
(HAuCl4), and silver nitrate (AgNO3), as well as the support materials (monoclinic-phase 
tungsten trioxide (WO3) powders) for the photodeposition process, were purchased from Alfa 
Aesar. Ultrapure water (resistance 18.2 MΩ) to prepare the precursor/WO3 suspensions was 
obtained from a Millipore Milli-Q water purification system. Chemicals used to perform the 
catalytic hydrogenation tests, crotonaldehyde (≥ 99.5%) and ethanol (100%), were purchased 
from Sigma Aldrich and Decon Labs, Inc., respectively. 
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5.2.2 Experimental Design 
To investigate the effects of the primary factors on the photodeposition of noble metals 
on WO3, two factorial experimental designs were constructed. The first experimental design 
investigated the primary factors at two levels, chosen at the extremes of the experimental ranges 
of each factor. We studied the effect of light irradiance (20 and 100 mW/cm2), wavelength (350 
and 460 nm), illumination time (10 and 120 minutes), and metal ion concentration (0.1 and 2 
mM) on the loading of the photodeposited metals. From this first design, the few statistically 
significant factors and factor interactions that had the most influence on the extent of the total 
photodeposited metal loading were identified using the statistical analysis of variance (ANOVA). 
In-depth studies were then carried out to investigate the effects of these significant parameters on 
the shape and size of the photodeposited nanoparticles. 
5.2.3 Material Synthesis 
To synthesize the photodeposited M/WO3 catalysts, suspensions of 50 mg WO3 in 0.1 
and 2 mM metal precursor solutions were prepared. Uniform dispersions of the WO3 support 
were achieved by isolating the smaller WO3 particle sizes by mixing in ethanol, allowing the 
larger particles to settle for 15 minutes, then decanting and drying the mixture overnight in a 
vacuum oven. Average crystallite sizes of the WO3 were ~26 nm. Uniform WO3 dispersion was 
important to achieve higher rates of photodeposition. To reduce electron-hole recombination 
rates during photodeposition, 0.15 M methanol was added to the mixture. The methanol acted as 
a hole scavenger for the photogenerated holes so that the photogenerated electrons could be fully 
utilized for the photodeposition process. The suspension was sonicated for 30 minutes in the dark 
in order to uniformly disperse the WO3 nanoparticles in the precursor solution. 
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Photodeposition was performed by illuminating the metal precursor/WO3 suspension 
with simulated AM 1.5G solar-spectrum light from a 300 W xenon lamp (Solar Light 16S-300) 
under continuous stirring using a magnetic bar and constant N2(g) purging. The xenon lamp was 
equipped with an AM 1.5 filter to simulate solar irradiation on the surface of the Earth. The 
desired illumination wavelengths were achieved via the filtration of the white light generated by 
the xenon lamp using light filters of 20 nm bandwidth centered at 350 (ultra-violet), 410 (violet), 
and 460 nm (blue). All photodeposition experiments were performed at room temperature and 
pressure. The photodeposited materials were recovered by centrifugation at 10 000 rpm for 10 
minutes, washed with ultrapure water five times, and then dried in a vacuum oven at 80 ◦C for an 
hour.  
5.2.4 Materials Characterization 
The phase composition of the materials was determined by X-Ray Diffraction (XRD).  
XRD patterns were recorded on a Rigaku 600 Miniflex X-ray diffractometer equipped with a 
graphite monochromator and Cu Kα radiation (λ = 1.5 Å). Patterns were collected at a step size 
and scan rate of 0.02°/step and 2.00°/min, respectively. Phases were identified using MDI Jade 
version 10. The crystallite sizes of the WO3 support and the photodeposited noble metals were 
estimated from peak broadening of the XRD patterns using the Scherrer equation.  
The morphology and dispersion of the photodeposited nanoparticles for catalysts that 
were active for the hydrogenation of crotonaldehyde were studied using Transmission Electron 
Microscopy (TEM). Samples for TEM were prepared by dispersing the materials in an ethanol 
solution using an ultrasonicator then dropping small amounts onto a carbon grid. The samples 
were dried overnight before analysis with a JEOL 3100R05 Double Cs-Corrected TEM 
instrument. 
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A Varian 710-ES Inductively Coupled Plasma - Optical Emission Spectrometer (ICP-
OES) was used to quantify the loadings of the noble metals photodeposited on the WO3 support. 
This technique is capable of quantifying elements at the parts per million level. Approximately 
50 mg of the catalyst materials were dissolved overnight in aqua regia. Thereafter, 2 mL of the 
mixtures were diluted by a factor of seven before being tested for noble-metal content using ICP-
OES. 
UV–vis spectroscopy was used to monitor changes in the plasmonic responses of the 
materials during the photodeposition process. Surface plasmons occur at the interface of metals 
and represent the resonance of oscillating surface electrons in response to an electromagnetic 
field. For a metal, the resonance frequency of these oscillations varies with the geometry and size 
of the nanoparticles [13-15]. Therefore, the geometry and size evolution of the materials during 
the photodeposition process could be inferred through measurements of the materials’ plasmonic 
responses. Small samples of the material solutions were collected at regular time intervals during 
the photodeposition process and absorbance spectra for these materials were recorded using an 
Agilent-Cary 5000 spectrophotometer. A metal precursor/WO3 mixture collected prior to the 
photodeposition process was used for background correction. However, because the plasmonic 
response is a function of both geometry and size [14-15], the use of UV-vis alone is insufficient 
for a complete characterization of the morphologies of the photodeposited nanoparticles. This 
necessitated the utilization of other techniques such as SEM and TEM to supplement UV-vis 
observations. 
The hydrogenation reaction mixtures were analyzed using a Varian 450 Gas 
Chromatograph (GC) equipped with a flame ionization detector. The selectivity of each reaction 
product was calculated as the molar fraction of the product with respect to the total products. All 
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crotonaldehyde conversions were less than 10%. This meant the batch reactors were under 
differential conditions. Under differential conditions, the conversion is sufficiently low that the 
catalytic system is not limited by mass transport and, therefore, measured reactivities reflect the 
intrinsic kinetic rates of the reaction [16-17]. 
5.2.5 Catalytic Hydrogenation Tests 
Prior to hydrogenation experiments, the catalyst materials were reduced in flowing 
hydrogen at a flow rate of 90 ml/min. Following previously reported experimental procedures, 
Ag/WO3 and Au/WO3 catalysts were reduced at 200 ◦C for 3 h [1, 18] and Pt/WO3 catalysts were 
reduced at 450 ◦C for 4 h [18]. The catalytic activities and selectivities of the materials were 
tested in the hydrogenation of crotonaldehyde. The reaction mixture with 50 mg of catalyst 
suspended in a 0.07 M crotonaldehyde/ethanol solution was loaded in a 3 ml Swagelok batch 
reactor. The reactor was then placed under vacuum for three cycles of 30 s to remove oxygen. 
Between cycles, helium was used to purge the batch reactor. The reaction mixture was agitated 
with magnetic stirring, at a pressure of 400 kPa and a temperature of 70 ◦C. Blank experiments, 
carried out in the absence of noble metals, with only the crotonaldehyde mixture or with the 
crotonaldehyde mixture and the catalyst support (WO3), were performed to isolate the catalytic 
activities of the photodeposited noble metals from those of the WO3 support and those of the 
reactor. Prior to reaction, the support was treated using the same protocols as those for the 
M/WO3 catalysts. 
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5.3 Results and Discussion 
5.3.1 Silver Photodeposition 
5.3.1.1 Effects of Irradiance, Wavelength, Time, and Concentration on Metal Loading 
The initial screening to identify factors affecting the photodeposition process was carried 
out using silver. Table 5.1 shows the p-values for the correlation between each factor and the 
silver metal loading. Each p-value was computed from an F-statistic determined by ANOVA 
using the Minitab software. Lower p-values indicate stronger correlation between the factor and 
the metal loading. The illumination time was the most significantly correlated factor with the 
metal loading in the photodeposition of silver. This was expected, as increasing the illumination 
time allows for an increase in the electron-hole pair generation, resulting in the reduction of more 
Ag+ ions by the photogenerated electrons. 
The initial Ag+ concentration was a marginally significant factor for the total silver 
loading. This result could be explained on the basis of an increased amount of Ag+ ions available 
for reduction at higher concentrations. However, it was surprising to note that the irradiance did 
not play a significant role towards increased photodeposition. One plausible explanation for this 
observation is that the photodeposition process was limited by the low concentrations of the 
photoactive support (WO3). The illumination wavelength showed the weakest correlation with 
the silver metal loading. This was expected as any illumination wavelength shorter than the 
absorption threshold of the WO3 support would be capable of generating an electron-hole pair, 
resulting in similar loadings for these wavelengths. However, as discussed below, the 
illumination wavelength played an important role in the control of particle geometry. 
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Table 5.1: p-values for the correlation between each primary factor and the silver metal loading. 
The illumination time showed the strongest correlation, while the wavelength showed the 
weakest correlation with the metal loading. 
Factor Irradiance Wavelength Illumination Time Ag+ Concentration 
p-value 0.44 0.79 0.010 0.17 
 
5.3.1.2 Interactions between Factors 
Figure 5.1 shows the ANOVA interaction plot for the factors of interest with regard to the 
total silver metal loading. An interaction between two factors exists when the response to 
varying one factor depends on the level of the other factor [19]. The black and red lines represent 
the low and high levels of each factor, respectively. As shown in Figure 5.1, there was no 
significant change to the metal loading after varying the wavelength at both low and high 
irradiance, indicating that there was no interaction between the irradiance (i) and the wavelength 
(λ), as expected. Also, at the low and high levels of both λ and i, an increase in the illumination 
time (t) resulted in increased metal loading, with a weak interaction between t and I. This result 
corroborates the significant p-value for t observed in Table 5.1. As there were no significant 
changes in the total metal loading with changes in the concentration (c) at the two levels of λ, 
there was no interaction between c and λ. Both i and t had interactions with c, with t showing a 
stronger interaction. This was expected, as raising the concentration of the Ag+ ions and 
increasing the illumination time would result in a higher number of electron-hole pairs being 
generated over an extended time, and there are enough Ag+ ions in solution to be reduced, 
resulting in much higher metal loadings. 
The statistical analysis identified the metal precursor concentration and illumination time 
as the main factors affecting the total metal loading. Similar trends were observed for platinum, 
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and because gold exhibits a stronger plasmonic response than that of platinum [10], we assumed 
similar trends for gold as well. Because i only weakly correlated with the total metal loading and 
showed only weak interaction with both t and c, this factor was not investigated further; the 
irradiance for all further experiments was set at 100 mW/cm2. Also, because an appreciable total 
metal loading was desirable, the metal salt concentration was kept at the higher level, 2 mM, for 
all further photodeposition experiments.
 
Figure 5.1: ANOVA factor interaction plot for the silver metal loading. Time and concentration 
showed the strongest interaction. There was no interaction between irradiance and wavelength. 
Interpretations of these observations are explained in the main text. 
5.3.1.3 Bulk, Elemental, and Optical Characterization of Ag/WO3 Materials 
The XRD patterns for the Ag/WO3 materials photodeposited at 350, 410, and 460 nm are 
shown in Figure 5.2. In all cases, the deposited nanoparticles were too small for detection by 
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XRD. The detection limit for XRD was approximately 0.3 nm. However, the photodeposited 
silver could be detected by ICP. The detection of the silver by ICP but not by XRD suggested 
that the silver nanoparticles were amorphous or well dispersed on the WO3 support. 
 
Figure 5.2: XRD patterns for silver nanoparticles photodeposited at various wavelengths. The 
nanoparticle sizes were below the detection limit of XRD. 
Figure 5.3 shows the ICP results for the silver loading as a function of illumination time 
during the photodeposition process for experiments with an initial concentration of 3.6 mM. This 
initial concentration was selected to achieve the target silver weight loading of 18%. Dotted lines 
in this figure, and in all other ICP plots in this chapter, were fitted using a third degree 
polynomial and represent the best fits to the data. These lines carry no physical meaning and 
were used only to guide the eye. The metal loading increased rapidly up to 6 h; the increase was 
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more gradual between 6 and 12 h, likely due to the decreasing concentration of Ag+ ions in the 
solution. After 20 h the metal loading plateaued at ~16 wt. % silver. This value also 
corresponded to the total silver content in the precursor solution. In other words, after 20 h of 
photodeposition all Ag+ ions were consumed from the original solution. The fact that such a high 
loading of the photodeposited silver was not detected by XRD strongly suggests that the silver 
nanoparticles were amorphous. 
The independence of the total silver weight loadings observed under the different 
illumination wavelengths after 20 h was not a surprise as the reduction of the Ag+ ions only 
depends on the availability of the photogenerated electrons. In our investigations with WO3, 
which exhibits an absorption onset of 460 nm, all incident light was energetic enough to generate 
electron-hole pairs. Experimental conditions of no illumination resulted in negligible silver 
nanoparticle formation, indicating that light played a central role in the deposition process. 
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Figure 5.3: Silver metal weight loading as a function of time for nanoparticles photodeposited at 
various wavelengths. The loading plateaued at ~ 16% due to the complete consumption of silver 
precursor materials. Samples run under dark conditions showed negligible deposition in 
comparison to those run under illumination, indicating that light played a key role in the 
deposition process. 
The time evolution of the photodeposition process for the silver nanoparticles at 350, 
410, and 460 nm illumination wavelengths was observed by tracking the changes in the 
plasmonic responses of the materials and is shown in Figure 5.4. The characteristic plasmonic 
responses for the nanoparticles deposited at 350 and 410 nm illumination were similar, but 
different from those of nanoparticles deposited at 460 nm. A very sharp plasmonic peak was 
observed at ~370 nm for nanoparticles photodeposited at 350 and 410 nm. Amendola et al. 
observed a similar plasmonic response for silver nanoparticles with a spherical geometry and 
attributed the sharp peak to the small size of the nanoparticles [20]. With increasing illumination 
time, there was an increase in the absorbance of the solutions due to an increase in the weight 
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loading of the photodeposited silver. This increase in the weight loading was also observed using 
ICP, as discussed previously. There was also a general peak broadening, likely resulting from an 
increase in the size of the photodeposited silver nanoparticles [14]. The observed peak 
broadening could also be a result of an increase in the silver nanoparticle size distribution, as 
observed by Gupta et al. in the case of CdSe nanoparticles [15]. TEM for the photodeposited 
silver nanoparticles was not carried out in our investigation but could help understand the size 
and shape changes occurring during photodeposition. 
Silver nanoparticles photodeposited at 460 nm exhibited two characteristic plasmonic 
peaks at ~475 and 525 nm. Amendola et al. attributed a similar plasmonic response for silver 
nanoparticles to a cuboid geometry [20]. Figure 5.5 shows photographs of materials synthesized 
under no illumination and for those synthesized at 350, 410, and 460 nm wavelengths. For the 
materials synthesized under no illumination, the color of the solution was similar to that before 
photodeposition. Nanoparticles photodeposited at 350 and 410 nm were similar in appearance 
and showed a dark grey coloration, while those photodeposited at 460 nm had a pinkish hue. 
This difference in color suggested the presence of differences in the geometries and physical 
dimensions of the silver nanoparticles photodeposited at 350 and 410 nm from those 
photodeposited at 460 nm.  
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Figure 5.4: Plasmonic response of silver nanoparticles photodeposited at a) 350 and 410 nm. 
These materials exhibited a single, sharp peak due to their small size and likely spherical 
geometry. b)  Nanoparticles photodeposited at 460 nm exhibited two plasmonic peaks due to 
anisotropy. 
 
 
 
Figure 5.5: Photographs of silver nanoparticles photodeposited at various wavelengths. 
Differences in coloration indicate differences in nanoparticle geometry/size. 
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5.3.2 Gold Photodeposition 
5.3.2.1 Bulk, Elemental, and Optical Characterization of Au/WO3 Materials 
Following the photodeposition of gold on WO3, characteristic Au(111) peaks were 
identified in the XRD patterns for nanoparticles deposited at an illumination time of 28 h at 350, 
410, and 460 nm wavelengths (Figure 5.6). Average crystallite sizes of the gold nanoparticles 
calculated using the Scherrer formula were 7.8, 7.2, and 7.2 nm for nanoparticles deposited at 
350, 410, and 460 nm, respectively. Crystallite size determination using this formula can 
sometimes be inaccurate [21]. Therefore, future studies should also apply other techniques such 
as SEM and TEM to measure nanoparticle sizes. 
 
Figure 5.6: XRD patterns for gold nanoparticles photodeposited at various wavelengths. 
Characteristic Au(111) peaks were clearly identifiable. 
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The photodeposited gold loading increased with the illumination time from 0 to 20 h, as 
shown in Figure 5.7. After 20 h, the gold loading plateaued at ~20 wt. % gold due to the 
complete consumption of gold ions from the precursor solution through photodeposition on the 
WO3 support. However, the photodeposition of gold nanoparticles took ~8 h longer to complete 
than the photodeposition of silver nanoparticles. This was likely a result of silver exhibiting a 
higher plasmonic quality factor than gold at each of the illumination wavelengths where 
photodeposition was performed. 
 
 
Figure 5.7: Gold metal weight loading as a function of time for gold photodeposition at various 
wavelengths. The loading plateaued at ~ 20% due to the complete consumption of gold precursor 
materials. Samples run under dark conditions showed negligible deposition in comparison to 
those run under illumination. 
 134 
 
The characteristic plasmonic response of the materials photodeposited at 350 nm 
illumination was significantly different from those photodeposited at 410 and 460 nm. For 350 
nm photodeposition, shown in Figure 5.8a, only one absorption peak centered at ~570 nm was 
observed, likely a consequence of the isotropy in the shape of the photodeposited nanoparticles. 
Also, the absorption spectra became broader and redshifted between six and 28 h. In addition, 
there was a slight increase in the absorbance of the solutions. As in the silver case, the redshift 
was attributable to an increase in the size of the gold nanoparticles in solution, while the increase 
in absorbance was due to an increase in the weight loading of the photodeposited nanoparticles 
with illumination time. The concentration increase was corroborated by ICP, as shown above. 
Gold photodeposited at 410 and 460 nm, shown in Figure 5.8 b/c, showed similar plasmonic 
responses, with two characteristic absorption peaks centered at ~465 and 570 nm. The 
appearance of two absorption peaks in the plasmonic response is typically a result of the 
photodeposited nanoparticles being anisotropic [8]. Figure 5.8d shows photographs for materials 
synthesized under no illumination and those synthesized at 350, 410, and 460 nm illuminations. 
Again, under no illumination, the solution was similar to that before photodeposition. After 350 
nm photodeposition, the materials showed a light-grey color. The gold nanoparticles 
photodeposited at 410 and 460 nm both showed a pink coloration. This was to be expected, as 
these nanoparticles exhibited roughly similar absorbance spectra. 
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Figure 5.8: Plasmonic response of gold nanoparticles photodeposited at a) 350, b) 410, c) 460 
nm. Nanoparticles photodeposited at 350 nm exhibited a single peak due to their spherical 
geometry, while nanoparticles photodeposited at 410 and 460 nm exhibited two plasmonic peaks 
due to anisotropy. d) Photographs of nanoparticles photodeposited at the various wavelengths. 
Differences in coloration indicate differences in nanoparticle geometry/size. 
Representative TEM images for the photodeposited gold are shown in Figure 5.9. 
Photodeposition at 350 nm resulted in a spherical geometry for the nanoparticles, with diameters 
ranging from approximately 100 to 200 nm. In contrast, nanoparticles photodeposited at 410 nm 
were a mixture of pentagonal (edge size of approximately 60 nm) and hexagonal (edge size of 
approximately 40 nm) geometries. As discussed above, results from UV-vis spectroscopy for the 
gold nanoparticles showed that photodeposition at 350 and 410 nm resulted in nanoparticles that 
exhibited one and two absorption peaks, respectively, suggesting differences in the geometries 
and/or sizes of the nanoparticles. Therefore, our TEM results are consistent with our findings 
from UV-vis spectroscopy. The differences in the nanoparticle geometries after illumination at 
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different illumination wavelengths can be explained on the basis of variations in the plasmonic 
responses of gold across the UV-vis spectrum. The optical absorption of metal nanoparticles is 
due to the excitation of surface plasmons as well as interband transitions. For gold, interband 
transitions are dominant for wavelengths less than 400 nm; surface plasmon excitations play a 
role between 400 and 600 nm [22]. The photogeneration of charges at the surface of the 
nanoparticles due to plasmon excitations likely causes the face-selective reduction of gold 
cations, resulting in the anisotropy observed at 410 nm. Mirkin et al. showed that an anisotropic 
distribution of charges on gold nanoparticle surfaces results in the anisotropic reduction of gold 
cations, resulting in non-spherical nanoparticles [23-24]. Mirkin also proposed the selective 
adsorption of cations on different nanoparticle faces as a possible alternative mechanism for the 
anisotropic growth [24]. However, this mechanism was unlikely in our case, as selective 
adsorption would then result in the growth of anisotropic nanoparticles at all illumination 
wavelengths, which is not observed at 350 nm. For our gold nanoparticles, due to the lack of 
surface plasmonic excitations at 350 nm [22], photodeposition at this wavelength resulted in the 
formation of isotropic spherical particles. 
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Figure 5.9: TEM images of gold nanoparticles photodeposited at a/b) 410 nm, c/d) 350 nm. 
Nanoparticles photodeposited at 410 nm had a pentagonal or hexagonal geometry, while 
nanoparticles photodeposited at 350 nm were spherical. 
 
5.3.3 Platinum Photodeposition 
5.3.3.1 Bulk, Elemental, and Optical Characterization of Pt/WO3 Materials 
The photodeposition of platinum on WO3 resulted in identifiable Pt(111) peaks in XRD 
patterns as shown in Figure 5.10. However, complete photodeposition of the nanoparticles took 
~50 h, more than 20 h longer than the illumination times observed for silver and gold 
photodeposition. It is possible that this relatively slow photodeposition process was a result of 
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the poor quality factor of platinum metal in the UV-vis part of the electromagnetic spectrum. 
Average crystallite sizes of the photodeposited nanoparticles calculated using the Scherrer 
formula were 8.4, 8.4, and 8.3 nm for illumination wavelengths of 350, 410, and 460 nm, 
respectively. As mentioned above, nanoparticle crystallite size determination using the Scherrer 
formula can be inaccurate [21], and other techniques such as SEM and TEM may be required for 
accurate size determination. 
 
Figure 5.10: XRD patterns for platinum nanoparticles photodeposited at various wavelengths. 
Characteristic Pt(111) peaks were clearly identifiable. 
The platinum metal loading increased steadily up to 35 h illumination time before 
plateauing at ~20% weight loading after 50 h (Figure 5.11). As with the cases of silver and gold, 
this value corresponded to the total deposition of the platinum precursor onto the WO3 support. 
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Figure 5.11: Platinum metal weight loading as a function of time for nanoparticles 
photodeposited at various wavelengths. The loading plateaued at ~ 20% due to the complete 
consumption of platinum precursor materials. Samples run under dark conditions showed 
negligible deposition in comparison to those run under illumination. 
Due to the poor plasmonic response of platinum, the time evolution of the platinum 
photodeposition process could not be tracked using UV-vis spectroscopy, and it was not possible 
to correlate the platinum particle nanostructure with the illumination wavelength. The 
nanoparticles photodeposited at 350, 410, and 460 nm all had a similar dark blue color (Figure 
5.12), suggesting they possessed comparable geometry and size after 72 h. 
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Figure 5.12: Photographs of nanoparticles photodeposited at various wavelengths: a) no 
illumination, b) 350 nm, c) 410 nm, d) 460 nm. Similarities in the coloration suggest similarities 
in nanoparticle geometry and size. 
5.3.4 Catalytic Reaction Tests: Crotonaldehyde Hydrogenation 
The catalytic activities of the photodeposited silver, gold, and platinum nanoparticles 
were evaluated for the hydrogenation of crotonaldehyde. Table 5.2 summarizes the reactivities 
and corresponding H2 dissociation energies for each of the M/WO3 catalysts. No catalytic 
activity was observed for WO3, Au/WO3, or Ag/WO3. Touroude et al. reported that the limiting 
step for crotonaldehyde hydrogenation reactions was the dissociation of molecular hydrogen 
[25]. The lack of hydrogenation activity is attributable to the positive hydrogen dissociation 
energies for WO3 [26], Au, and Ag [27], which present a thermodynamic barrier to the 
hydrogenation of crotonaldehyde. Touroude et al. also showed that gold nanoparticles below 4 
nm in size could dissociate molecular hydrogen due to an increased fraction of low-index 
crystallographic planes [25]. As mentioned earlier, crystallite sizes of as-synthesized gold 
nanoparticles in our study were 7.8, 7.2, and 7.2 nm for nanoparticles photodeposited at 350, 
410, and 460 nm, respectively. These sizes increased to 15.8, 12, and 10 nm, respectively, after 
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pretreatment of the materials in flowing hydrogen. Therefore, the size of our gold nanoparticles 
was too large to be able to dissociate molecular hydrogen. Our attempts to reduce the size of the 
photodeposited gold nanoparticles through varying the initial gold precursor concentration were 
unsuccessful. 
Table 5.2: Activities and molecular H2 dissociation energies for the M/WO3 catalysts. Only Pt 
catalysts show thermodynamically favorable energies for dissociating H2. 
Catalyst WO3 Au/WO3 Ag/WO3 Pt/WO3 
(350 nm) 
Pt/WO3 
(410 nm) 
Pt/WO3      
(460 nm) 
Activity at 8 h 
(µmol/h/mg) 
0 0 0 0.185 0.345 0.195 
H2 
dissociation 
energy (eV) 
0.436 
[25] 
1.21 [27] 1.18 [26] -0.813 [27] -0.813 [27] -0.813 
[27] 
 
The XRD patterns for pretreated silver materials before and after hydrogenation reactions 
are shown in Figure 5.13. The silver nanoparticles were still undetectable by XRD, suggesting 
that the silver remained amorphous or that there was no significant sintering in the materials 
following reduction in hydrogen, and the materials were unaffected by the hydrogenation 
reaction. In the future, it may be possible to identify other reactions that the silver and gold 
nanoparticles are capable of catalyzing. 
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Figure 5.13: XRD patterns for silver nanoparticles after pretreatment in hydrogen and after 
hydrogenation reactions. No evidence of sintering was observed; neither were the nanoparticles 
changed by the reactions. 
Because Pt has a negative hydrogen dissociation energy, Pt/WO3 was the only material 
that resulted in measurable hydrogenation activity. The selectivity towards hydrogenation 
products of Pt/WO3 materials synthesized at 410 nm is shown in Figure 5.14. Similar results 
were obtained using materials synthesized at 350 and 460 nm. The hydrogenation reactions were 
carried out for up to 12 h. The selectivity towards crotyl alcohol increased between 0 and eight 
hours but decreased after 12 h, likely due to the formation of non-hydrogenated products, such as 
hemiacetals, at longer reaction times. Therefore, all future hydrogenation reactions were run for 
8 hours. Butyraldehyde was the other major hydrogenation product. Butanol, the full 
hydrogenation product, was only produced in small amounts and had a selectivity less than 8%. 
These results demonstrate that Pt/WO3 was highly selective for the partial hydrogenation of 
crotonaldehyde and is a good candidate for the hydrogenation of other α,β-aldehydes. 
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Figure 5.14: Selectivity of Pt/WO3 materials synthesized at 410 nm towards hydrogenation 
products. The highest selectivity towards crotyl alcohol fell after 8 h. 
The product selectivities of the Pt/WO3 materials synthesized at 350, 410, and 460 nm for 
reaction times of eight hours are shown in Figure 5.15. The selectivity towards crotyl alcohol 
was around 60% for materials photodeposited at 350 and 410 nm and ~45% for materials 
photodeposited at 460 nm. The similarities in the selectivities of these materials were due to 
similarities in the platinum geometry. However, the total crotyl alcohol product as a function of 
time for the 410 nm Pt/WO3 catalyst was approximately twice as high as that for either the 350 
or 460 nm Pt/WO3 catalysts (Figure 5.16). TEM micrographs (Figure 5.17) suggest that this 
difference is due to considerable agglomeration of Pt following synthesis at 350 or 460 nm, 
resulting in nanoparticle clusters more than 100 nm in diameter. In comparison, nanoparticles 
from materials synthesized at 410 nm were much less agglomerated, with diameters less than 50 
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nm. The reasons for the agglomeration are not clear but might be a consequence of slight 
differences between the plasmonic response of Pt at 410 nm and those at 350 and 460 nm. 
 
Figure 5.15: Product selectivities of the Pt/WO3 materials synthesized at 350, 410, and 460 nm 
for reaction times of 8 h. The roughly similar selectivities observed were due to similarities in 
the Pt particle geometry. 
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Figure 5.16: Crotyl alcohol formation as a function of time for the Pt nanoparticles synthesized 
at 350, 410, and 460 nm. Approximately twice the amount of crotyl alcohol was formed by the 
materials synthesized at 410 nm than those synthesized at 350 and 410 nm. Dashed lines were 
added to guide the eye. 
 
 
Figure 5.17: TEM micrographs for Pt nanoparticles photodeposited at a) 350, b) 410, and c) 460 
nm. Considerable agglomeration of Pt nanoparticles was observed for materials synthesized at 
350 and 460 nm. 
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5.4 Summary and Conclusions 
In this chapter, we demonstrated the photodeposition of silver, gold, and platinum 
nanoparticles on a WO3 support. Through a statistical analysis, ANOVA, we identified the key 
parameters affecting the photodeposition process. The noble metal loading was shown be 
strongly correlated to the illumination time and metal precursor concentration. The changes in 
the plasmonic response of the noble metals during the photodeposition process were monitored 
using UV-vis spectroscopy. The absorbance spectra were observed to broaden and become red-
shifted with illumination time, indicating that the nanoparticle sizes were increasing. The 
illumination wavelength did not affect the metal loading. However, the geometry of the 
photodeposited nanoparticles could be tuned by varying the illumination wavelength. Spherical, 
pentagonal, and hexagonal gold nanoparticles, as well as spherical and cuboid silver 
nanoparticles, were achieved. 
The photodeposited materials were evaluated for the selective hydrogenation of 
crotonaldehyde, which is a model reaction for unsaturated α,β-aldehyde hydrogenation. The 
limiting step in hydrogenation is the dissociation of molecular hydrogen. The Ag/WO3 and 
Au/WO3 materials were not active for crotonaldehyde hydrogenation due to their unfavorable 
hydrogen dissociation energies. However, the Pt/WO3 materials were active and exhibited 
similar selectivities towards crotyl alcohol for materials synthesized at all our deposition 
wavelengths. This was attributed to similarities in the size and geometry of these materials. Pt 
nanoparticles photodeposited at 410 nm showed higher product yield to crotyl alcohol than did Pt 
nanoparticles photodeposited at 350 and 460 nm. This was a result of the materials synthesized at 
410 nm having smaller Pt particle sizes, as compared to those synthesized at 350 or 460 nm, 
which showed considerable agglomeration. Results from this study were expected to assist the 
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development of simple synthesis techniques for the design of noble metal catalysts with 
controlled nanostructure for unsaturated α,β-aldehyde hydrogenation and other reactions of 
interest.  
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Chapter 6      
Summary, Conclusions, and Recommendations for Future Work 
6.1 Summary and Conclusions
Materials with precisely controlled nanostructures are needed to significantly enhance the 
efficiencies of next-generation systems for chemical conversions and energy storage. This 
dissertation sought to identify simple techniques of controlling nanostructure for catalytic and 
electrochemical energy storage materials. The result was a set of nanostructure-function 
relationships for three material systems: hematite (α-Fe2O3) nanotube arrays for 
photoelectrochemical water oxidation, orthorhombic niobium pentoxide (T-Nb2O5) planar and 
nanotube array electrodes for Li+ ion intercalation, and photodeposited noble metal (Ag, Au, Pt) 
nanoparticles for the selective hydrogenation of -unsaturated aldehydes. These relationships 
should inform efforts to design and synthesize materials with superior performance. In addition 
to providing new insights into the synthesis and properties of the nanostructured materials, the 
research presented in this dissertation reaffirmed reports by other researchers. 
Electrodes of α-Fe2O3 with controlled structure and dimensions were fabricated via the 
electrochemical anodization of high-purity iron foils in electrolytic solutions containing 
ammonium fluoride, ethylene glycol, and water. During fabrication, the current response of the 
films was tracked to characterize the growth process. Four distinct stages were identified with 
regard to the evolution of the nanotube arrays: an ohmic response stage, an oxide film formation 
stage, a chemical dissolution/pitting stage, and a steady-state growth stage. Morphological, 
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optical, and photoelectrochemical properties of the electrodes were characterized using X-ray 
diffraction (XRD), scanning electron microscopy, UV-vis diffuse reflectance spectroscopy, 
linear sweep voltammetry, electrochemical impedance spectroscopy, and incident photon to 
current efficiency (IPCE) measurements. The IPCE of the wave-like nanotube arrays at 350 nm 
was ~3 times that of the single layer nanotube arrays and ~12 times that for the multilayer 
nanotube arrays. Charge carrier transport and the active electrochemical surface areas of the 
different α-Fe2O3 morphologies were identified as underlying causes of the differences in the 
photocatalytic performance. 
Nb2O5 nanotubular electrodes were synthesized via the electrochemical anodization of 
high-purity niobium foils in electrolytes containing ammonium fluoride, glycerol, and water. 
Nb2O5 planar electrodes were fabricated in a similar manner, except the anodization process was 
halted before the onset of the chemical dissolution stage. Li+ intercalation into the electrodes was 
analyzed using XRD, charge/discharge measurements, and inductively coupled plasma 
spectroscopy. Charge storage in the amorphous Nb2O5 was negligible compared to that for the T-
Nb2O5, revealing the key role played by the crystallinity of the electrodes in the charge storage 
mechanism. Li+ intercalation was shown to favor the low energy {180} family of 
crystallographic planes. The nanotube array T-Nb2O5 electrodes exhibited a four-fold increase in 
the specific charge storage capacity when compared to planar electrodes. This performance 
difference was explained by the greater accessibility of the (180) planes in the nanotube array 
morphology. Moreover, reduced Li+ ion diffusion limitations were observed in the nanotube 
array electrodes due to the short diffusion lengths. On the other hand, transport limitations were 
observed in planar electrodes at high charging rates due to long diffusion length scales. 
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Light at varying wavelengths was used to control the photodeposition of noble materials on 
tungsten trioxide (WO3) supports. The noble metal particle sizes and total metal loadings were 
strong functions of the illumination time, while nanoparticle shape was controlled by the 
illumination wavelength. Intrinsic variations in the plasmonic responses of the noble materials 
across the UV-vis spectrum allowed for control of the nanoparticle shapes. These photodeposited 
materials were evaluated for the selective hydrogenation of crotonaldehyde, a model -
unsaturated aldehyde, and the results were correlated with key nanostructural properties of the 
noble metal particles. Pt/WO3 catalysts were active for the hydrogenation of crotonaldehyde, 
with similar selectivities (~60%) towards crotyl alcohol for materials photodeposited at 350, 410, 
and 460 nm. Pt photodeposition at 350, 410, and 460 nm resulted in nanoparticle agglomeration, 
with diameters over 100, 30, and 100 nm, respectively. Selectivities were similar because all 
three materials were spherical. However, Pt/WO3 catalysts synthesized at 410 nm showed a 
higher conversion to crotyl alcohol than those photodeposited at 350 and 460 nm. This may be 
due to the smaller Pt particle sizes for materials deposited at 410 nm, which would result in a 
higher surface area exposed for chemical reaction. The reason for the differences in the 
nanoparticle sizes for materials synthesized at different wavelengths was not established but 
could be linked to slight differences in the plasmonic response of Pt. No crotonaldehyde 
hydrogenation activity was observed for either Au/WO3 or Ag/WO3 catalysts. Literature reports 
suggest that this was a result of the high thermodynamic barriers to the dissociation of molecular 
hydrogen that are associated with these catalysts [1-2]. 
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6.2 Limitations of Current Research and Recommendations for Future Work 
6.2.1 Limitations of Current Research 
Our work provided a foundation for future experiments to further understand the impact of 
nanostructure on materials’ functionality. The conclusions reached in this dissertation were based 
on results from a variety of experimental techniques. As discussed in Chapter Three, one 
technique (Mott-Schottky analysis) had fundamental limitations when applied to single layer, 
multilayer, and wave-like hematite nanotube arrays. The mathematical derivations involved in 
Mott-Schottky analysis assume a smooth, planar electrode [3]. To date, there is no theoretical 
framework to extend the application of this analysis to complex nanostructured geometries such 
as nanotube arrays. Our analysis of single layer, multilayer, and wave-like nanotube arrays 
yielded results that were not meaningful for a comparison of charge photo-generation across 
morphologies. This was likely due to complications such as extra roughness in the wave-like 
nanotube arrays and the interfaces in the multilayer nanotube arrays [3]. As such, experiments 
that utilized Mott-Schottky analysis warrant further experimental investigation and/or the use of 
alternative analysis techniques. One possible approach is to apply a re-formulated Mott-Schottky 
analysis. Hansen reported significant progress in the development of a new theoretical 
formulation that would allow the extension of the Mott-Schottky method to nanostructured 
materials [4]. The authors demonstrated the accurate application of a modified analysis to 
nanoporous titania electrodes synthesized by anodization. Though their results are preliminary 
and require further interpretation, they suggest that a proper mathematical treatment that takes 
nanostructural geometry into account might yield useful results from Mott-Schottky analysis. 
Other techniques, such as terahertz time domain spectroscopy [5], are also worth 
considering for the measurement of charge carrier generation. However, the geometry 
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dependence of this technique is not well established. The development of novel techniques and 
new theoretical frameworks will be crucial for a full analysis of charge photogeneration in 
complex electrodes. 
6.2.2 Recommendations for Future Work 
6.2.2.1 Silicon-doped Hematite for Photocatalysis 
The study of the optical properties of hematite revealed two bandgaps of 1.9 and 2.4 eV. 
Although both bandgaps are energetically sufficient to drive the water photo-oxidation reaction, 
photocatalytic efficiency (IPCE) measurements showed that only the 2.4 eV bandgap was 
efficiently utilized for water oxidation. In their studies of silicon-doped dendritic hematite 
nanostructures, Durrant et al. concluded that avoiding the ultrafast electron-hole recombination 
was crucial for optimizing the utilization of photogenerated charge carriers [6]. They 
demonstrated that electron trapping in localized states in the space-charge layer of hematite 
competed with electron-hole recombination and therefore facilitated the efficient transfer of 
holes to the semiconductor-electrolyte interface. In essence, the dopants increased the density of 
localized states associated with the 1.9 eV bandgap in hematite, thus slowing the recombination 
process and allowing for photogenerated charges to be utilized for water oxidation. Durrant et al. 
hypothesized that the presence of dopants in hematite nanowires was the reason for the 
significant enhancement in the photocatalytic performance of hematite nanowires over undoped 
nanowires that was reported by Li et al [7]. An easy and inexpensive technique to dope 
nanostructured hematite materials with controlled concentrations of silicon is dip coating. For 
instance, Braun et al. used a dip-coating method to add a layer of a tetra ethyl ortho-silicate 
precursor to iron oxide electrodes. Subsequent thermal treatment steps at 500 and 760 °C for 30 
minutes in air for each step allowed them to dope up to 8 wt. % Si into the iron oxide crystal 
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lattices. At 2 wt. % dopant levels, the silicon-doped hematite electrodes exhibited enhanced 
photocurrent generation (0.9 mA/cm2) over the pristine hematite electrodes (0.4 mA/cm2) at 1.3 
V vs. the reversible hydrogen electrode [8]. The application of a similar technique to our 
hematite nanotube arrays could lead to the efficient utilization of photons absorbed by both the 
direct and indirect bandgaps of hematite. 
6.2.2.2 Mg2+ Intercalation in Nb2O5 
This dissertation explored the application of nanostructured Nb2O5 for Li+ ion storage. 
Over the last few years, magnesium (Mg2+) has gained increasing attention as an attractive 
alternative to Li+ [9]. The divalent nature of Mg2+ promises the achievement of higher energy 
densities (as high as 300 mAh/g [10]) than monovalent Li+. However, a basic understanding of 
the thermodynamics governing Mg2+ intercalation chemistry is lacking. Moreover, the 
development of electrolytes that are compatible with magnesium intercalation materials is still in 
its infancy [11]. Efforts to understand Mg2+ intercalation include the work of Zhang et al., who 
demonstrated the insertion of Mg2+ ions into V2O5 in aprotic electrolytes with capacities as high 
as 160 mAh/g [12]. Because the polymorphs of Nb2O5 are similar to those of V2O5, and the 
diameter of Mg2+ ions (1.30 Å) is smaller than the inter-planar spacing (2.98 A) of the low-
energy (180) planes where Li+ ion intercalation occurred, it should be possible to extend the Li+ 
intercalation work we demonstrated in Nb2O5 to Mg2+ and achieve higher energy densities. 
6.2.2.3 Nanostructured Nb2O5 / Carbon Nanotube Hybrid 
The T-Nb2O5 nanotube array electrodes that we developed for electrochemical energy 
storage (described in Chapter Four) did not contain any conductivity additives. Because T-Nb2O5 
is insulating, with an electrical conductivity of ~3x10-6 S/cm [13], the incorporation of a 
conductive network of carbon with the electrode materials could significantly improve the 
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capacity and rate capability of the materials. Chen et al. designed a hybrid nanomaterial of 
hematite nanoparticles wrapped in carbon nanotubes that exhibited more than double the 
discharge capacity of bare hematite nanoparticles [14]. The carbon nanotubes were created by 
the oxidation of Fe nanoparticles in a carbon dioxide atmosphere. The electrochemical 
performance improvement was due to a five-fold increase in the conductivity of the hybrid 
nanostructure due to the conductive carbon network. Similarly, a carbon nanotube network on 
Nb2O5 could enhance the capacity and rate performance of the electrodes. 
6.2.2.4 Single-Crystal Nb2O5 
In Chapter Four, we hypothesized that poly-crystallinity in the planar Nb2O5 morphology 
caused the misalignment of the (180) planes of adjacent crystallites, resulting in the blockage of 
these low diffusion energy channels and reduced specific capacity. The development of single-
crystal planar electrodes might increase overall capacities and rate capabilities to levels similar to 
those achieved using the nanotube array morphology. This would improve the gravimetric 
capacitance of the planar electrodes over that of nanotube array electrodes, increasing the 
practical significance of nanostructured Nb2O5 for electrochemical storage applications. 
However, growing single crystals is extremely difficult; a calcination procedure that results in 
single-crystalline materials after synthesis using the electrochemical anodization technique is yet 
to be reported. Some literature reports have shown that the development of single-crystalline 
Nb2O5 nanostructures is possible using a hydrothermal technique [15-16]. An interesting study to 
carry out would be to investigate the feasibility of achieving single-crystalline Nb2O5 
nanomaterials using electrochemical anodization followed by a calcination procedure. 
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6.2.2.5 Identifying Reactions Catalyzed by Ag/WO3 and Au/WO3 
Our investigations of the use of Ag/WO3 and Au/WO3 catalysts for the selective 
hydrogenation of crotonaldehyde showed negligible activity for these materials. The rate-
limiting step for the hydrogenation reaction is the dissociation of molecular hydrogen, a reaction 
that these catalysts are ineffective for. However, Ag/WO3 has been found to effectively catalyze 
various oxidation reactions. For instance, Bal et al. reported a 99% selectivity (and 55% 
conversion) in the room temperature selective oxidation of cyclo-octene to cyclo-octene oxide 
over Ag nanoparticles supported on WO3, in the presence of hydrogen peroxide [17]. The same 
authors also reported Ag/WO3 catalysts to be active in the selective oxidation of styrene. This 
would be an interesting target for the Ag/WO3 catalysts. 
Cho and co-workers performed density functional theory calculations to characterize the 
adsorption of NO molecules on clean WO3 surfaces, as well as on Ag-deposited and Au-
deposited WO3 surfaces [18]. They showed thermodynamically favorable energies for the 
adsorption of NO molecules on WO3 (−0.48 eV), Ag/WO3 (−1.41 eV), and Au/WO3 (−1.32 eV) 
catalysts. Noble metals have been shown to be active in the catalytic reduction of NOx gases 
from vehicle exhausts [19]. The nanostructure-controlled noble metal catalysts synthesized in 
this dissertation could be applied towards the catalytic reduction of NOx gases. 
6.2.2.6 Synthesis of Nanostructured Bimetallic Catalysts 
Another interesting prospect is the use of shape-controlled bimetallic catalysts. Bimetallic 
catalysts have been shown to exhibit higher catalytic activities than catalysts with a single active 
species [20]. The catalytic enhancements have partly been attributed to synergistic effects 
between the various active species [20]. Leclercq et al. demonstrated the photocatalytic 
deposition of well-dispersed noble metal (Pt, Pd, Ag, Rh, Au, Ir, Cu) nanoparticles on various 
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photosensitive supports, including oxides (TiO2, Nb2O5, ZrO2, ZnO) and sulfides (CdS) [21]. 
Under similar experimental conditions (50 mg TiO2 in 10 cm3 1 mM metal salt solution), they 
established a general pattern for the ease of photodeposition of the noble metals on TiO2: Ag > 
Pd > Au > Pt >> Ir >> Cu = Ni = 0 [21]. As shown in Figure 5.2, Ag, Pd, Au and Pt all have 
strong plasmonic responses in the UV-vis spectrum, which allows them to easily grow once a 
nucleus is formed. There are no studies on the surface plasmon resonance of Ir, likely because it 
is immeasurably low, which would explain its poor photodeposition in Leclercq’s study. The 
lack of Ni deposition on TiO2 was attributed to the misalignment of the flat band potentials of 
TiO2 with the redox potential of the Ni2+/Ni0 couple [21]. Leclercq’s one surprising finding was 
the failure to photodeposit Cu, given the strong surface plasmonic response of the metal in the 
UV-vis spectrum. Leclercq suggested the re-oxidation of metallic Cu to Cu+ on opening the 
photodeposition reactor as an explanation for this observation [21]. It might also be possible that 
solution conditions, such as the pH, might affect the growth of the Cu nuclei during 
photodeposition. Further experimental studies with variations to solution conditions are 
suggested to better understand the photodeposition of Cu. Similar noble metal photodeposition 
trends were reported for different semiconducting supports [21]. 
Leclercq et al. also explored the synthesis of bimetallic catalysts (Pt-Pd, Pd-Ag, Pt-Ir) on 
TiO2, with reported alloy formation based on TEM results [21]. For the various noble metal 
combinations, the only case where there was incomplete photodeposition of the materials was Pt-
Ir; only 80% of the Pt and 20% of the Ir were deposited. These results were consistent with 
experimental findings for the photodeposition rates of the noble metals in the absence of other 
metals [21]. This suggests that the successful synthesis of bimetallic catalysts can be simply 
extended from the synthesis of single metal catalysts. However, the synthesis of nanostructure-
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controlled bimetallic catalysts is poorly understood. This presents an exciting new opportunity to 
investigate a large combination of noble metals on various photoactive supports for a wide range 
of catalytic applications. We can extend the synthesis techniques developed in this dissertation 
towards the synthesis of nanostructure-controlled bimetallic catalysts. 
6.3 Conclusion 
This chapter presented a summary of key research findings and conclusions for the three 
materials systems investigated in this thesis. The research described in this dissertation 
contributes to the understanding of the behavior of nanostructured materials when applied to 
photocatalysis (hematite), electrochemical energy storage (niobium pentoxide), and 
heterogeneous catalysis (Ag/WO3, Pt/WO3, Au/WO3) and confirmed the findings of other 
researchers. This dissertation employed simple but powerful synthesis techniques to control the 
nanostructure of different material classes. Nanostructure-function relationships were elucidated 
for the aforementioned materials systems. 
Limitations of this research and recommendations for future experiments are also 
discussed. We identified several exciting pathways the research presented herein could take. For 
instance, the doping of the hematite nanostructures we synthesized with silicon was suggested as 
a possible way of utilizing both the direct and indirect bandgaps of hematite, allowing for 
enhanced photocatalytic performance. We also recommended lining Nb2O5 nanotube arrays 
synthesized in this work with carbon nanotubes to enhance the rate capabilities and 
experimenting with Mg2+ ion intercalation to increase the energy densities of these materials. 
Even though it is a major challenge, research on the synthesis of Nb2O5 single crystals was 
suggested to isolate favorable ion diffusion pathways, thereby increasing the storage capacity.  
Moreover, since we were able to control the nanostructure of Ag/WO3 and Au/WO3 materials, 
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but the materials were inactive for the hydrogenation of crotonaldehyde, the identification of 
alternative reactions where these catalysts can be applied, such as in NOx reduction, was 
suggested. Finally, the opportunity to investigate the photodeposition of a variety of noble metals 
and different bimetallic combinations on several photoactive supports was identified. Controlling 
the nanostructure of these materials will help understand how their structures affect their 
functions in various chemical reactions, which could have a tremendous effect on the field of 
catalysis. Ultimately, the insights from this work and the extensions we recommended, will 
facilitate the development of general design rules for the synthesis of materials with precisely 
controlled nanostructures, which will be needed to achieve significantly greater efficiencies 
required for next-generation devices for heterogeneous catalysis and energy conversion/storage. 
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